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Abstract 
A multifunctional structural polymer electrolyte membrane (PEM) fuel cell was 
designed, developed and manufactured. The structural fuel cell was designed to 
represent the rear rib section of an aircraft wing. Custom membrane electrode 
assemblies (MEA’s) were manufactured in house. Each MEA had an active area of 
25cm2.The platinum loading on each electrode (anode and cathode) was 0.5mg/cm2. 
Sandwiched between the electrodes was a Nafion 212 electrolyte membrane. 
Additional components of the structural fuel included metallic bipolar plates and end 
plates. Initially all the components were manufactured from aluminium in order for 
the structural fuel cell to closely represent an aircraft wing rib. However due to 
corrosion problems the bipolar plate had to be manufactured from marine grade 
361L stainless steel with a protective coating system. A number of different 
protective coating systems were tried with wood nickel strike, followed by a 5µm 
intermediate coat of silver and a 2µm gold top coat being the most successful. Full 
fuel cell experimental setup was developed which included balance of plant, data 
acquisition and control unit, and a mechanical loading assembly. Loads were applied 
to the structural fuel cells tip to achieve a static deflection of ±7mm and dynamic 
deflections of ±3mm, ±5mm, and ±7mm. Static and dynamic torsion induced 1° to 5° 
of twist to the structural fuel cell tip. Polarisation curves were produced for each load 
case. Finite element analysis was used to determine the structural fuel cell 
displacement, and stress / strain over the range of mechanical loads. The structural 
fuel cells peak power performance dropped 3.9% from 5.5 watts to 5.3 watts during 
static bending and 2% from 6.2 watts to 6.1 watts during static torsion. During 
dynamic bending (2000 cycles) the structural fuel cell peak power performance 
dropped 11% from 6.7 watts to 6 watts (3mm deflection at 190N), 23% from 6.3 
watts to 4.8 watts (5mm deflection at 270N), and 41% from 7.2 watts to 5 watts 
(7mm deflection at 350N). During dynamic torsion (2000 cycles) the structural fuel 
cell peak power performance dropped 16% from 6 watts to 5.1 watt (3° of torsional 
loading), and 30% from 6.4 watts to 4.3 watts (5° of torsional loading). The simulated 
(finite element modelling) displacement of -6.6mm (At maximum bending load of 
364.95N) was within 9% of the actual measured displacement of -7.2mm at 364.95N. 
Furthermore the majority of the simulated strain values were within 10% of the actual 
measured strain for the structural fuel cell. 
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Introduction 
 
It is generally accepted by scientists and economists that the world is going through 
a stage of profound change. Natural disasters are becoming more common place 
and creating more and more damage. World population is growing at an exponential 
rate with more people on the planet then anytime in its history. A growing population 
means an even greater strain on finite resources and an increasing demand for 
energy. Currently most of the energy demands are met by the burning of fossil fuels 
such as coal and petro chemicals. These are limited resources which are depleting 
and may not be around for much longer. Equally important is the fact that there is 
enough evidence to suggest that the burning of these resources and the subsequent 
production of greenhouse gases is the principle contributor to climate change 
(resulting in freak weather conditions / natural disasters). The search for an 
alternative fuel which is renewable and can be produced using environmentally 
friendly technologies is the greatest challenge of the twenty first century. One 
potential alternative technology is using hydrogen as a fuel for fuel cells. Fuel cells 
are electrochemical energy conversion devices which convert chemical energy of 
reactants directly into usable electrical energy at high efficiency with the only by 
product being heat and water. The electrochemical reaction in Hydrogen fuel cells 
often known as polymer electrolyte membrane (PEM) fuel cells is the opposite of the 
electrolysis process instead of splitting water to produce hydrogen and oxygen; fuel 
cells combine hydrogen and oxygen to generate electrical current. 
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Research aim 
 
The aim of this research was to investigate the feasibility of a PEM fuel cell as a 
mechanically integrated multifunctional aerospace structure. The structural fuel cell 
concept would ideally be designed to replace an existing structural element where it 
would provide mechanical strength / integrity whilst also providing some power. 
Therefore evaluating the structural fuel cells performance under mechanical loads is 
the core area of this research.  
 
Key objectives 
 
 Design, develop, and manufacture for testing a multifunctional structural fuel 
cell which represents an aircraft structural component 
 Develop a compete mechanical loading assembly along with fuel cell balance 
of plant in order to run the structural fuel cell whilst it is being mechanically 
loaded. 
 Mechanically load the structural fuel cell under static bending and torsional 
loads 
 Mechanically load the structural fuel cell under dynamic  bending and 
torsional loads 
 Evaluate the performance of the structural fuel cell under the above 
mentioned load conditions.  
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Chapter 1 Literature review 
 
1.1 Fuel cell fundamentals 
 
The key components within PEM fuels cells is the membrane electrode assembly 
(MEA), Gas diffusion layer (GDL) and bipolar plates. The MEA consists off a polymer 
electrolyte membrane layer in contact with porous anode and cathode electrodes 
either side of it. The electrode surfaces are porous to allow the electrolyte from one 
side of it and the reactant gases from the other side to penetrate it [7]. The objective 
is to obtain the maximum possible contact between the electrode, electrolyte, and 
the reactant gases for the three dimensional electrochemical reaction to take place. 
The transport of reactants and products to the electrodes takes place from the flow 
channels in the bipolar plates through a gas diffusion layer which is an electrically 
conductive carbon paper. The carbon paper typically has a porosity of 0.3 to 0.8 and 
also transports products to and from the bipolar plates and the electrodes [7].  
Figure 1.1 below shows the electrochemical reaction within the cell along with the 
flow of reactant gases, products, proton conduction (Ion conduction), and electron 
flow. PEM fuel cells rely upon the oxidation of pure hydrogen on the anode to form 
ions (protons) and the reduction of oxygen on the cathode. Hydrogen fuel is supplied 
to the anode (negative electrode) which reacts with it releasing positive protons (H+) 
and negative electrons (-e) [40].  The electrons are transported via an external circuit 
from the anode to the cathode providing power (with current flowing in the opposite 
direction) to external devices. The electrolyte is specifically engineering to have free 
H+ protons and only allows the passage of protons or H+ ions and not electrons [40]. 
The hydrogen protons are therefore transported across the electrolyte membrane to 
the cathode and the electrons are carried to the cathode through the external circuit. 
Oxygen is supplied to the cathode (positive electrode) and the protons and electrons 
react with the oxygen to produce heat and water. Two electrons are transferred for 
every mole of hydrogen and four electrons are transferred for every mole of oxygen. 
One molecule of water is produced at the cathode for every two electrons passed 
around the external circuit [40][41]. 
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Figure ‎1.1 - Electrochemical reaction within PEM fuel cells [19] 
𝐴𝑛𝑜𝑑𝑒: 𝐻2 → 2𝐻
+ + 2𝑒−                                         [1.1] 
𝐶𝑎𝑡ℎ𝑜𝑑𝑒: 𝑂2 + 4𝐻
+ + 4𝑒− → 2𝐻2𝑂                                [1.2] 
𝑁𝑒𝑡 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛: 𝑂2 + 2𝐻2 → 2𝐻2𝑂                                  [1.3] 
 
The anode and cathode electrodes contain platinum as a catalyst to speed up the 
electrochemical reaction. Excessive water and heat produced by the cell must be 
continuously removed as it is detrimental to the fuel cells performance. PEM fuel 
cells have numerous advantages including; potential for high operating efficiency 
without being a function of system size, PEM fuel cells produce zero greenhouse 
gases, fuel cells are easily scalable for higher power requirement (fuel cell stack), 
Fuel cells themselves (the balance of plant does require mass flow controllers, 
pumps and other subsystems to keep the cell running) have no moving parts 
reducing maintenance and increasing reliability, instant and continuous power with 
the continuous supply of reactant gases [40].  
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1.2 PEM fuel cell arrangement 
 
The below figure 1.2 shows the general components and their arrangement within a 
single PEM fuel cell and a stack. The MEA, gas diffusion layers, gaskets, bipolar 
plates are clamped together with end plates and bolts. The End plates are used to 
apply an even clamping pressure distribution over the MEA surface as this is critical 
to cell performance. However a single cell will not produce sufficient useful voltage or 
power and therefore multiple cells must be connected together as a “stack” to 
produce the desirable voltage and power. There are a number of methods used to 
connect multiple cells together however the most common method is to place them 
in series as shown in the below figure.  
 
Figure ‎1.2 - Components within a conventional single PEM fuel cell and a stack 
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1.3 Bipolar plates 
 
The bipolar plates perform many roles in fuel cells they separate each cell and act as 
anodes for one and cathodes for the opposing cell and hence the term “bipolar plate” 
[40]. In addition to this the bipolar plates have a flow field channel on either side of 
them to carry reactant gases and the product water to and from the membrane 
electrode assembly. Bipolar plates also provide mechanical strength to the 
membrane electrode assembly (MEA), gas diffusion layer (GDL) and the entire 
assembly. Furthermore the bipolar plates are also used to collect current and keep 
the cell cool by passage of coolant through them. Bipolar plates can contribute 
between 60-80% towards fuel cell weight and 30 to 50% of the total cost of a stack 
[16][17]. Therefore weight, volume and the cost of fuel cell stacks can be 
considerably reduced by improving cell configuration, flow field design and using 
alternative materials. Bipolar plate materials are typically chosen due to their 
resistance to corrosion, density, compressive strength, electrical conductivity, 
manufacturability, and thermal conductivity [40]. Considerable research is conducted 
into the area of flow fields with a host of flow pattern designs optimised for different 
cell designs and shapes including ones which were biologically inspired (figure 1.3). 
The flow fields must supply reactants evenly to the entire MEA surface whilst also 
allowing the removal of water blockages and reactant impurities such as Nitrogen.     
 
Figure ‎1.3 - Biologically inspired flow filed design [18] 
 
19 
1.4 Membrane electrode assembly (MEA) 
 
The membrane electrode assembly (MEA) is as the name suggests an assembly of 
the electrolyte membrane, catalyst layers (both anode and cathode) and both the 
anode and cathode gas diffusion layers. The most common electrolyte membrane 
used in fuel cells today is a persulfonated polytetrafluoroethylene (PTFE) based 
polymer known as Nafion which has high ion conductivity [40]. Nafion is relatively 
strong and is stable in both the oxidative and reductive environments encountered in 
the fuel cell electrochemical reaction [40]. Polymers are generally used as 
electrolytes due to their free volume and the possibility to increase this volume 
allowing space for protons (ions) to move through them. Ions are also transported 
through the membrane by attaching themselves to the water molecules which pass 
through the membrane during the fuel cell electrochemical reaction [40][41]. 
Importantly Nafion must be fully hydrated with water for high ion conductivity to occur; 
this hydrated state must be maintained in order to maintain cell performance [7]. Due 
to the hydration requirements of the Nafion membrane PEM fuel cells are limited to 
operating under the boiling point of water with water management being a key issue 
in fuel cell development [41]. Hydration can be achieved passively allowing the 
produced water to hydrate the membrane or actively, with the humidification of the 
reactant gases. Once fully hydrated Nafion’s conductivity is similar to liquid 
electrolytes and with the amount of water it can hold its volume increases by 22% 
[36]. The hydration requirements of the Nafion electrolyte membrane also adds 
considerable complexity and cost to the fuel cell balance of plant (fuel cell system 
components). Like most chemical and electrochemical reactions the fuel cells 
efficiency increases with higher temperatures. However due to issues associated 
with the membrane such as dehydration and the resulting reduction in proton 
conductivity, increase in parasitic losses due to high fuel permeation, and softening 
of the polymer (at higher temperatures) resulting in a loss of mechanical strength, 
high operating temperatures are not possible [40][2][7].  
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1.5 MEA – Electrode 
 
Like most chemical reactions the electrochemical reaction within PEM fuel cells 
requires the supply of activation energy to initiate the process. Typically the reaction 
with fuel cells is slow and therefore three main methods are used to increase the 
reaction rate including the use of catalysts, increasing the cell temperature, and 
increasing electrode area [2]. The electrode surface area is extremely important for 
fuel cells. For the electrochemical reaction to take place the hydrogen gas must 
interact on the electrode surface releasing protons which pass though the electrolyte 
membrane and electrons which pass thought the outer circuit. Therefore the catalyst 
partials (platinum) on the electrode must be in contact with both the proton conductor 
(electrolyte membrane) and the electron conductor (Gas diffusion layer) [40][41]. The 
electrochemical reaction between the reactant gases, electrolyte, and electrode is 
often referred to as the three phase contact [40]. Additionally there must be passage 
for the reactant gasses to reach the catalyst sites and the reaction products to leave 
(figure 1.4).  Ensuring all three components come together is critical for PEM fuel cell 
design. The rate at which the reaction takes place is directly proportional to the 
surface area of the electrode [41][7]. The electrodes are specifically designed to be 
highly porous with microstructures that increases their surface area hundreds of 
times [40] resulting in a three dimensional electrochemical surface reaction. 
Furthermore the electrodes must also survive in a high temperature corrosive 
environment. The electrodes are usually made of carbon supported platinum and 
ionomers [40]. 
 
Figure ‎1.4 - MEA component interaction 
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1.6 Fuel cell polarisation curves 
 
The most common fuel cell performance measurement technique is the production of 
polarisation curves. The curves are essential to characterise fuel cells and with it 
being the most common method used it allows for easy comparisons to be made 
between different cells. Polarisations show voltage out of a fuel cell for a given 
current density loading. Polarisation curves are usually measured with potentiostats 
which draw a current from the cell and measure voltage. The load is gradually 
increased on the potentiostat and voltage of the fuel cell measured allowing for a 
complete polarisation to be measured [40].  
Open circuit voltage (OCV) 
It is possible to determine the theoretical electromotive force (EMF) or reversible 
open circuit voltage (OCV) of a fuel cell by using the following fundamental equations: 
Electrical work = charge x voltage 
Electrical work = ∆𝐺 =  −2𝐹. 𝐸                                    [1.4] 
Or 𝐸 =
−∆𝐺
2𝐹
                                                    [1.5] 
Where ∆𝐺  is the change in the Gibbs free energy which can be defined as the 
“energy available to do external work, neglecting any work done by changes in 
pressure and/or volume.”  F is the faraday constant (96,485 coulombs) – charge on 
one mole of electrons. E is the theoretical cell voltage after the electrical work done 
moving the charge around the circuit. Additionally the equation includes the number 
of electrons passed around the external circuit for every mole of hydrogen which is 
two [40][2]. 
The theoretical fuel cell OCV at 25°C is given by the above equation as: 
Or 𝐸 =
−∆𝐺
2𝐹
= 1.23𝑉                                           [1.6] 
The temperature of the cell along with the concentration and pressure of the gas 
reactants will also have an effect on the Gibbs free energy and voltage [40][7]. The 
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Nernst equation is an expression of the maximum possible open circuit voltage as a 
function of pressure and temperature: 
𝐸 = 𝐸0 +  
𝑅𝑇
2𝐹
ln (
𝑃𝐻2 .𝑃02
𝑃𝐻20
)                                    [1.7] 
Where 𝐸0 is the standard state reversible voltage, R is the ideal gas constant, T is 
temperature, 𝑃𝐻2 is the pressure of hydrogen, 𝑃02 is the pressure or partial pressure 
of oxygen, 𝑃𝐻20 is the vapour pressure of steam at the temperature being considered. 
The values for steam vapour pressure can be found in steam tables [40]. However in 
reality the actual cell voltage is often considerably less than the values calculated by 
both of the above equations.  
 
Figure ‎1.5 - A typical polarisation curve with voltage losses 
Fuel cell voltage performance is dependent on many operating conditions including 
temperature, reactant pressure, clamping pressure, reactant flow rates, and applied 
electrical load. Electrical energy is extracted from the fuel cell when current is drawn, 
however this leads to cell voltage drops due to a number of irreversible loss 
mechanisms [2]. The above figure 1.5 shows the theoretical reversible fuel cell 
voltage typically calculated using the above equations and the actual cell voltage due 
to irreversible losses. The three major areas of loss that result in significant drops in 
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voltage from open circuit include activation polarisation, ohmic (resistance) 
polarisation, and mass concentration polarisation. The voltage polarisation losses 
can be defined as the following: 
𝑉𝑎𝑐𝑡𝑢𝑎𝑙 =  𝑣𝑟𝑒𝑣 − 𝑣𝑎𝑐𝑡 𝑎𝑛𝑜𝑑𝑒 − 𝑣𝑎𝑐𝑡 𝑐𝑎𝑡ℎ − 𝑣𝑜ℎ𝑚𝑖𝑐 − 𝑣𝑐𝑜𝑛𝑐 𝑎𝑛𝑜𝑑𝑒 − 𝑣𝑐𝑜𝑛𝑐 𝑐𝑎𝑡ℎ      [1.8] 
 
Where 𝑣𝑎𝑐𝑡 , 𝑣𝑜ℎ𝑚𝑖𝑐, and 𝑣𝑐𝑜𝑛𝑐 represent the activation polarisation, ohmic (resistive) 
polarisation, and concentration polarisation losses. The ohmic and concentration 
losses occur both at the anode and cathode. The ohmic or resistive losses occur 
throughout the fuel cell [2].  
 
1.6.1 Activation polarisation 
 
The activation losses are due to the slowness of the electrochemical reaction taking 
place on the electrode surface. The voltage drop is due to the voltage overpotential 
(proportion of the voltage) required to overcome the activation energy on the 
electrode surface that drives the electrons to or from the electrode [41]. This type of 
voltage drop is highly non-linear with a sharp initial fall from open circuit conditions 
as it dominates losses at low current density; it is also a measure of the catalysts 
effectiveness at a given temperature [40]. Activation losses are directly related to the 
complex three phase contact between the reactant gases, the solid metal catalyst, 
and the electrolyte [2]. The catalyst helps reduce the voltage overpotential however 
due to the slowness of the oxygen reaction voltage losses remain [2]. The typical 
activation overpotential is between 0.1 to 0.2V which reduces the maximum fuel cell 
voltage potential to less than 1.0V even during open circuit condition [40]. The 
activation loss can be expressed simply as the Tafel equation: 
∆𝑉𝑎𝑐𝑡 =
𝑅𝑇
𝛼𝐹
ln (
𝑖
𝑖0
)                               [1.9] 
Where 𝑖 is the current density and 𝑖0 is the reaction exchange current density which 
represents the reaction rate, and α is the charge transfer.  
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1.6.2 Ohmic polarisation 
 
All the components within the fuel cell have some resistance to the flow of charge 
which results in voltage losses during polarisation. The phenomenon is known as 
ohmic polarisation and it is due to the natural electrical resistance of the cell 
components [40]. This type of loss is initiated at moderate current densities however 
the majority of polarisation voltage loss is dominated by the internal ohmic resistance 
of the cell [2]. High ohmic resistance can result in a linear drop in cell voltage.  The 
cell components which contribute to ohmic resistance include the bipolar plates, 
interface connectors, terminal connectors, electrolyte, catalyst layer, and gas 
diffusion layer. The fuel cell assembly can also be a significant contributor to the 
ohmic resistance within the cell as clamping pressure is directly related to the 
interfacial contact resistance between the bipolar plate, gas diffusion layer and MEA 
[40][2][7]. Furthermore electrical resistance can also increase with age and 
degradation of components within the fuel cell assembly [41]. The size of the voltage 
drop in the polarisation curve is proportional to the current and is simply given by 
ohms law. 
 
Ohmic resistance within the fuel cell can be reduced by using electrolyte and catalyst 
materials which have the highest possible conductivity. Furthermore all other 
components within the cell should be manufactured from materials with the highest 
possible electrical conductivity without compromising their other performance 
requirements [7]. The ohmic losses are directly proportional to the distance travelled 
by the current and therefore reducing the thickness of the electrolyte and cell 
components would be beneficial [41]. Thinner membranes are also very beneficial as 
the anode electrode could remain saturated through back diffusion of water from the 
cathode [36]. 
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1.6.3 Concentration polarisation 
 
Mass transport is the supply of products and reactants in a fuel cell. Concentration 
polarisations are caused by inadequate mass transport or the lack of the abundance 
of reactant surface concentrations resulting in voltage drops from the Nernst 
equation [2]. For example if air is supplied to the cathode and not pure oxygen 
(which is the case in most portable fuel cell applications) there will be a slight 
reduction in oxygen concentrations around the cathode surface as oxygen is 
extracted during the reaction [2]. The rate of change in concentration will increase as 
more current is being drawn from the cell. The change in concentration will cause a 
reduction in oxygen partial pressure. If the oxygen concentration is not replenished 
and the cell is starved of reactants significant polarisation losses can be expected 
[41].   
 
Figure ‎1.6 - Breakdown of MEA layers 
(Regions of convective and diffusive mass transfer) 
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Figure 1.6 provides a breakdown of the membrane electrode structure showing 
convective flow in the flow channels and diffusive transport through the catalyst layer 
as the two main mass transport effects encountered in fuel cells. Convective flows 
dominate mass transport in the flow channels and can be optimised by good flow 
channel design ensuring an even distribution of reactant gases and minimal pressure 
losses [36]. Good distribution of reactants can be achieved by high flow rates 
however this can lead to higher pressure within the cell and membrane rupture. The 
diffusion of reactants and products occurs in catalyst / membrane layers. The 
reactants slow down near the gas diffusion and catalyst layers allowing for the 
diffusion process to begin [40].  Other issues which result in concentration 
polarisation losses include pore blockage. Liquid water build up in the membrane, 
gas diffusion layer or anode and cathode flow channels (commonly known as 
flooding) can reduce the rate at which reactant gasses are supplied to the catalyse 
resulting in significant voltage drop [41]. If air is supplied to the cathode and oxygen 
is consumed from it the nitrogen mole fraction increases which can result in an inert 
boundary layer of nitrogen near the electrode restricting the electrochemical reaction 
[41]. Concentration polarisation losses can be given by the equation: 
 
𝑉𝑐𝑜𝑛𝑐 = (
𝑅𝑇
𝑛𝐹
)
𝑖𝐿
𝑖𝐿−𝑖
                                   [1.10] 
 
Where 𝑖 is the current density and 𝑖𝐿  is the limiting current density - The limiting 
density is the point where the current drawn from the fuel cell becomes so large that 
reactant concentrations are completely depleted [40]. In the above equation n is the 
number of electrons transferred for every molecule of fuel.  
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1.6.4 Other losses 
 
In addition to activation polarisation, ohmic polarisation, and concentration 
polarisation a number of other losses are incurred within the fuel cell. Electrical 
shorts can occur with the fuel cell if the membrane electrolyte is not adequately 
insulating electrons or due to a poorly designed or assembled cell [41]. Mixed 
electron conductivity can transpire due to material properties, temperature, and 
oxygen partial pressure [41]. The electrolyte membrane is designed to facilitate 
proton conductivity however very small amounts of electrons are also conducted 
resulting in internal currents. In addition to this small quantities of hydrogen will be 
wasted as they diffuse from the anode through the membrane electrode to the 
cathode and react directly with oxygen but producing no current [2]. The internal 
crossover of hydrogen amounts to the same two electron which would have passed 
around the external circuit to produce external current [2].  Internal currents and fuel 
crossover can amount to noticeable polarisation loss at open circuit for PEM fuel 
cells. At ambient temperature the open circuit voltage (OCV) will be more than 20% 
(0.2V) less than the theoretical 1.2 V [2][40]. 
The fuel cell polarisation curve can be estimated by using the equation below. The 
equation takes into consideration all the losses discussed above. 
 
 
 
 
 
 
The balance of plant is also extremely important when it comes to fuel cell 
performance. The balance of plant includes water management, reactant gas 
pressure control, reactant gas flow rate control, and thermal management.  
𝑉𝑐𝑒𝑙𝑙 = 𝐸𝑇,𝑃 −
𝑅𝑇
𝛼𝐹
ln (
𝑖+𝑖𝑙𝑜𝑠𝑠
𝑖0
) − 𝐼.𝑅 −
𝑅𝑇
𝑛𝐹
ln (
𝑖𝐿
𝑖𝐿−𝑖
) [1.11] 
Mass transport losses 
Resistance losses 
Activation losses Theoretical cell potential for 
given temperature and 
pressure 
Hydrogen crossover / internal currents  
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1.7 Hydrogen production road map 
 
Although PEM fuel cells are clean energy conversion devices with the only by 
products produced being heat and water the current production methods for 
hydrogen (as fuel for PEM fuel cells or other applications)  do produce considerable 
greenhouse gases.  
 
Figure ‎1.7 - Global hydrogen production [79] 
 
Hydrogen is the most abundant element on the plant however it does not occur 
natural in a form which would be useful. The above figure 1.7 shows the current 
most common methods for producing hydrogen.  Global hydrogen production is 
around 448 billion m3 per year which is approximately 40 billion kg per year. The 
steam methane reforming (SMR) of natural gas is the most common and cost 
effective production process used today where process efficiencies are between 65-
75%. The major drawback of this process is that it is based on non-renewable fossil 
fuels and the reaction process involved produces carbon dioxide as a by-product. 
One of the key driving forces behind the search and development of alternative 
hydrogen production methods and the implementation of a hydrogen based 
48% 
30% 
18% 
4% 
Hydrogen production 
Natural gas Oil Coal Electorlysis
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economy (as well as other renewable energy technologies) was the 2009 agreement 
between European Union leaders and the G8 to reduce greenhouse gases by at 
least 80% below 1990 levels by 205 [79] [80] [81]. In addition to this gaining energy 
independence and having energy security are also major factors.    
As result of the above agreement and to meet its greenhouse gas reduction 
commitments the UK government have produced a series of technology road maps 
for a number of renewable energies. One of the road maps developed was the 2012 
UK H2 mobility project - Fuel Cell Electric Vehicles (FCEVs) and hydrogen production 
and distribution roadmap. The roadmap was developed in conjunction with academia, 
industry, and other stakeholders [81].    
The key objectives of the UK H2 mobility project were:  
 To evaluate consumer demand for fuel cell electric vehicles (FCEVs) 
 Identify a mix of cost-competitive hydrogen production methods which can 
deliver a significant reduction in CO2 emissions. 
 Determine and plan the development of a hydrogen refuelling infrastructure 
which can meet future demands 
 Quantify the benefits of FCEV’s in the UK 
 
The UK H2 mobility found that a mix of hydrogen production methods could deliver 
hydrogen for FCEV’s at a cost competitive to diesel fuel, whilst also reducing CO2 
emissions 60% by 2020 and 75% by 2030 (Please see figure 1.8). The roadmap 
would provide a plausible path to full decarbonisation of the energy economy by 
2050 [81].   
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Figure ‎1.8 – Global CO2 production [81] 
 
Figure 1.9 illustrates the hydrogen product mix for the roadmap to 2030, which is 51% 
water based electrolysis, 47% steam methane reforming (SMR) of natural gas, and 
2 % of existing capacities. Existing capacities are a mixture of technologies including 
stream methane reforming, and readily available by-product hydrogen from process 
such as the petrochemical reforming process. The roadmap advocates water 
electrolysis using renewable electricity (Solar, wind etc...) which includes both on-site 
production at hydrogen filling stations (HRS) and centralised production with 
distribution to filling stations. The roadmap also expects the demand for hydrogen in 
the UK for FCEV’s to be 254,000 tonnes per annual by 2030 [80] [81].    
Water electrolysis capacity would provide additional benefits to the national grid by 
the integration of renewable energy generating capacity and providing grid balancing 
services. The benefits would increase as the proportion of renewable energy in the 
hydrogen generating mix increases. The above mentioned benefits would reduce the 
cost of hydrogen produced by electrolysis by as much as 20% [80] [81].  
 
 
 
31 
 
Figure ‎1.9 - Roadmap hydrogen production technology mix [81] 
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1.8 Fuel cell systems for UAVs  
 
Unmanned Aerial vehicles or UAV’s are of great interest within the Military and Civil 
aerospace industry as they have no need for a pilot and therefore have potential for 
long endurance. Increased endurance is extremely beneficial for a number of UAV 
applications including surveillance, weather monitoring, telecommunication, and 
remote sensing. The endurance capability of current UAVs is really limited by the 
weight, efficiency and energy density of their power supplies. 
For the purpose of long endurance Polymer Electrolyte Membrane (PEM) fuel cells 
powered by compressed or liquefied hydrogen have considerable advantages over 
traditional technologies such as batteries, photovoltaic cells, and Internal 
Combustion engines. PEM fuel cell technology can surpass the performance of 
these traditional power systems, whilst providing reliable and quiet operation at high 
efficiencies [3]. PEM Fuel Cells (PEMFC) can typically be characterised as highly 
efficient, with high specific energy (specific electrical energy of up to >800Wh/kg) 
and can easily be hybridised into an energy storage system [1]. In addition PEMFC 
have almost no moving parts and near silent running thus reducing the likelihood of 
breakdown.  
Fuel Cells do not produce carbon, the only emissions produced in the process of 
making electricity is water. Since fuel cells are chemical to electrical energy 
conversion devices, no combustion takes place, however the process does generate 
heat which must be removed. In terms of energy density, hydrogen fuel cells are 
currently better than lithium based batteries [6]. 
Bradley et al [1] went through the process of high-level conceptual design followed 
by low-level detailed design of a custom airframe for the purpose of fuel cell system 
integration. The performance of the aircraft was analysed using data from flights and 
laboratory tests. The only source of propulsive power for the demonstrator aircraft 
was the 500W 32-cell self-humidified PEM fuel cell, which had custom designed end 
plates to reduce its weight and simplify its mounting in the aircraft.  
Power-to-weight ratio (Specific power) is a frequently used indicator of aircraft 
performance. The challenge for aircraft fuel cell power systems is that they are 
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generally considered as having low specific power (W/kg) with a typical example 
being 52 W/kg for a 150W hybrid system [3]. In order to maximise aircraft specific 
power and consequently aircraft performance, strict limits on power consumption and 
the weight of fuel cell power systems must be imposed. Fuel cell powered aircraft 
are therefore highly constrained designs with high efficiency propulsion systems, low 
power payloads, high efficiency airframes, and low weight structures [1]. 
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1.8.1 Thermal management  
 
The thermal management system is designed to maintain the fuel cell stack 
temperature within an acceptable range for optimal performance. If the temperature 
is too high (greater than approximately 75°C) the self-humidification function of the 
proton exchange membrane within the fuel cell stack begins to break down. The 
membrane begins to dry up losing its ability to conduct protons resulting in 
decreasing performance [1] [2].   
Bradley [1] incorporated two distinct features within the thermal management 
subsystem of the demonstrator aircraft: A pump is used to pump coolant through the 
fuel cell stack as a method for cooling the stack. After leaving the stack the coolant is 
subsequently passed through a custom built carbon foam radiator. Air from outside 
the aircraft fuselage is ducted through the radiator via an 80 mm diameter (3W fan). 
The custom radiator is said to have given savings of 500g’s in weight and 12W in 
power. Additionally the carbon foam radiator is continuously wetted with the fuel cell 
stack product water to enable evaporative cooling of the radiator. Kim K [8] 
concludes that water cooling systems demonstrate good capabilities but are not 
suitable for UAV applications as subsystems such as coolants, coolant tanks, and 
pumps are bulky and heavy.  
Herwerth and Furrutter [4] [5] take an alternative approach with air inlets used to duct 
air directly to the fuel cell. The ducted air is used as both oxygen supply for reaction 
and a cooling air supply for the fuel cell stack. The key benefit of this method is that 
there is no need for coolant, radiators, coolant pumps reducing weight and parasitic 
power consumption.  
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1.8.2 Hydrogen storage 
 
The most common method for hydrogen storage in portable UAV applications is 
gaseous hydrogen stored in a composite (aluminium tank lined with carbon 
fibre/epoxy) pressure vessel. The vessel is pressurised at 310bar. Two single stage 
regulators are used to control the pressure and flow rate down to the anode inlet 
pressure of 0.3bar. Current pressure vessel technology permits the storage of 
hydrogen as high as 700 bar, however high pressure storage introduces significant 
safety problems [7]. The safety concerns are even greater when considering aerial 
applications. Furthermore pressurising the hydrogen for storage requires the 
expansion of considerable energy – approximately 10% of the energy of hydrogen is 
expended in order to pressurise to 300 bar [7]. Additionally the higher the pressure 
the heavier the tank gets. There is a number of alternative storage methods 
discussed in literature which include:  
 Liquid hydrogen storage – hydrogen is cooled to 22 kelvin making it condense 
into liquid [7]. The liquefied hydrogen does not require high pressure storage and 
provides very high hydrogen mass storage density – greater than traditional high 
pressure storage. However this method has a number of drawbacks - the 
pressure vessel must be thick typically double-walled reinforced, vacuum 
insulated to prevent boil off and maintained at cryogenic temperatures. Similar to 
very high pressure storage (300 bar plus) liquefaction of hydrogen is extremely 
energy intensive with approximately 30% of the hydrogen energy being expanded 
during the process [7]. 
 Metal hydride storage – Metals such as iron, titanium, manganese, nickel, and 
chromium alloys are ground down into extremely fine powders these metals are 
then exposed to hydrogen gas. The metals act like sponges and absorb large 
quantities of hydrogen. The absorption usually occurs once the H2 is dissociated 
into H atoms. During application heat is applied to the metal hydride in order to 
release the hydrogen contained within the material for usage within the fuel cell. 
Metal hydrides can absorb extremely high quantities of hydrogen and in some 
cases they can achieve a higher volumetric energy density than liquid hydrogen 
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[7]. However metal hydrides are heavy and expensive and therefore are only 
suitable for applications where these two factors are acceptable.   
Taqegyu Kim [38], Kyunghwan et al [37], and Kim K et al [8] take an alternative 
approach to hydrogen storage for their air vehicles by using a chemical hydride 
(Sodium Borohydride) carrier instead of gas/liquid hydrogen or metal hydrides. 
Chemical hydrides are the latest form of hydrogen storage due to their high energy 
density. Sodium Borohydride is a very popular carrier as it is stable, non-flammable, 
and has a high hydrogen capacity (10.8wt %). Kim K and Kyunghwan incorporated 
hydrogen generator subsystems into their air vehicle in order to generate hydrogen 
from sodium borohydride by catalytic hydrolysis. The system includes fuel cartridge, 
Micro pump, catalytic reactor, gas-liquid separator, and a dehumidifier [37][8]. 
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1.8.3 Hydrogen generator 
 
Sodium Borohydride is fed into a catalytic reactor (figure 1.10) the fuel is then 
decomposed into gaseous hydrogen and liquid borate by catalytic hydrolysis, the by-
product borate is separated in a gas-liquid separator and a dehumidifier is used to 
purify the generated hydrogen which is then supplied to the fuel cell stack. The 
propulsion module is then powered by the stack [15].  
 
Figure ‎1.10 - Fuel cell system based sodium borohydride [15] 
By exploiting a chemical carrier such as sodium borohydride there is no need for a 
pressure vessel containing compressed hydrogen which is a potential safety hazard 
and is heavy. Furthermore fuel processing can occur on the vehicle with minimal 
energy expenditure. In general the chemical carrier method leads to a lighter and 
safer hydrogen supply with high energy densities. However the process does lead to 
the unwanted by product of borate which must be stored on board the aircraft due to 
environmental concerns.   
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1.8.4 Anode purge 
 
Water management is critical to fuel cell performance. There must be sufficient water 
content in the polymer electrolyte membrane for proton conductivity. Proton 
conductivity is directly proportional to the water content. However excessive water 
would result in electrode flooding as electrode and gas diffusion layer pores are 
blocked. Therefore a balance is needed. Water movement within a fuel cell is 
generally well understood. The back diffusion of water from cathode to anode is one 
of the water movements which depends on the electrolyte thickness and the relative 
humidity each side of the electrolyte [2]. Bradley and Furrutter [1] [5] incorporated a 
purge valve to purge the back-diffused water and contaminates from the anode. The 
purge sequence was experimentally derived as a function of the stack output current.   
 
Figure ‎1.11 - Experimentally derived hydrogen purge [1] 
Bradley [1] found that during purging the hydrogen flow rate peaks and a pressure 
drop occurs in the anode (figure 1.11). Furrutter [5] observed a sudden drop in cell 
voltage during purging which resulted in the speed controller (within their power 
control system) resetting and switching the fuel cell off during purging. This problem 
was resolved by the design of a custom controller and by using an external battery to 
operate the purge valve.   
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1.8.5 Weight breakdown  
 
For most fuel cell UAVs the weight of the aircraft is generally dominated by the 
weight of the fuel cell and its subsystems. This becomes more significant for small 
fuel cell aircraft as many fuel cell components become heavier at smaller scale [1]. 
It’s also important to note that at larger scales the percentage hydrogen by weight of 
the hydrogen pressure vessel increases when compared to smaller tanks resulting in 
the pressure vessel becoming the major weight contributor to the overall system. As 
can be seen from figure 1.12 the fuel cell system accounts for majority of the overall 
aircraft weight, with the fuel cell stack weight being the major contributor to the 
system weight. 
 
 
 
Figure ‎1.12 - UAV system weight breakdown [1] 
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Figure ‎1.13 - Sodium borohydride fuel cell system [39] 
 (For an unmanned aerial vehicle (UAV))  
 
When considering the latest method in fuel supply (chemical hydride - figure 1.13) 
the stack has the greatest portion of the total weight (21.9%) and is immoderately 
weighty. Therefore it is essential to reduce the weight of fuel cell stacks in order to 
increase the system power to weight ratio. 
Guinea [9] points out that from a weight contribution perspective greater than 90% of 
a fuel cell stack consists of non-active material or components. Most of these 
material or components are used for feeding hydrogen/oxygen, sealing, and 
supporting the fragile membrane electrode assembly. Terminal plates, graphite or 
metallic bipolar plates, gas connector, and pipes all significantly contribute to the 
stack weight. Guinea [9] goes on to discuss that weight reductions could be achieved 
by replacing the non-active components mentioned above with lighter ones or by 
reducing wall thicknesses.  
 
41 
If we consider the figures 1.12 and 1.13 the major weight contributor to Bradleys 
demonstrator aircraft is the fuel cell stack which is the heaviest component to make 
up the entire aircraft. What must be noted is that this aircraft was only designed to fly 
for approximately 43 minutes and therefore less hydrogen fuel and a smaller 
pressure vessel was required. Had the requirement been for longer endurance (more 
hydrogen fuel necessary) the pressure vessel used would have contributed 
significantly more to the overall system weight. The chemical hydride hydrogen 
storage/supply method used by Taqegyu Kim [38], Kyunghwan et al [37], and Kim K 
[8] removes the need for heavy and potentially dangerous pressure vessels 
(pressure vessels also take up considerable fuselage volume); however as with 
Bradleys [1] aircraft the fuel cell stack is also the heaviest component in the system. 
Hermann [10] concludes that up to 80% of the fuel cell stack weight and 45% of its 
cost can be attributed to its bipolar plates.     
Furrutter [5] also recognised the fuel cell stack to have many heavy non-active 
components and advocated the stack be disassembled (removing stack casing) and 
placed under the wing. By employing the above method Furruter [5] suggests that 
more cells could be added to the stack as and when greater power is required – 
effectively modularising the stack.  
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1.8.6 Clamping pressure 
 
As a single fuel cell generally only produces 0.6 to 0.7 volts, in-order to meet 
application requirements multiple cells are typically stacked together creating a fuel 
cell stack, the number of cells stacked depends on the power requirements. The cell 
assembly affects the contact behaviour between the bipolar plates, gas diffusion 
layer, and the membrane electrode assembly (MEA). If enough assembly pressure is 
not applied gas leakage could occur potentially resulting in the malfunction of the 
cells. The application of too greater pressure could result in damage to the gas 
diffusion layer and the MEA [11].  
The stack design and shape can affect the distribution of pressure within the fuel cell 
stack and thus the interfacial contact resistance between the bipolar plates, gas 
diffusion layer, and the MEA. Uneven distribution of pressure can result in hot spots 
which could be detrimental to the stack performance and life. Additionally non-
uniform pressure distribution can contribute to delamination between the gas 
diffusion layer and gas flow channels [13]. Even pressure distribution will ensure that 
the electrodes micro-porous structure and the brittle mechanical properties of the 
gas diffusion are maintained and that no blockage occurs [12].     
Lee, S [11] conducted a study to evaluate pressure distribution within a single cell 
assembly. The study involved a finite element model of the cell under assembly. The 
model results were verified through experimentation – a pressure sensitive film was 
inserted between the bipolar plate and MEA, and colour variations in the film were 
used to determine pressure distribution. The pressures applied ranged between 147 
N/mm2 to 294 N/mm2. Experimental and modelling results concluded that typically 
assembly pressure is greater at the cell corners and gradually decreases moving 
towards the centre resulting in the unwanted non-uniform pressure distribution. 
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1.8.7 Fuel cell shape  
 
Lee, K. I, et al [14] further evaluated the issue of contact pressure and uniform 
pressure distribution with a comparison between a novel cylindrical fuel cell 
configuration (figure 1.14 depicts the assembly process for the novel fuel cell) and a 
conventional planar PEM fuel cell. The cylindrical fuel cell employed an exposed 
cathode with oxygen and humidity being applied through free convection and 
therefore negating the need for additional subsystems such as fans, humidifiers, and 
pumps. In addition to this the cylindrical fuel cell integrated a serpentine flow channel 
structure (serpentine flow is extremely effective in removing reaction products and 
the uniform distribution of reactant to the electrode surface) in the form of a three 
dimensional helical flow channel on the anode wall.   
 
 
Figure ‎1.14 - Assembly procedure of the cylinder shaped air-breathing PEMFC [14] 
 
Lee, K. [14] employed the same methodology as Lee, S [11] by modelling (finite 
element) both the cylindrical and planar fuel cells under compressive load. The 
results were further verified via experimentation using pressure sensitive film. The 
result of Lee, K. [14] study concur with Lee, S [11] for the planar fuel cell which was 
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found to have non-uniform pressure distribution with high pressure concentrations in 
the corners which gradually decrease when moving toward the centre of the cell. 
Conversely the cylindrical fuel cell developed and tested by Lee, K [14] showed 
considerable improvement over the conventional planar design with uniform contact 
pressure distribution. More significantly the cylindrical fuel cell demonstrated 
considerable performance improvements over its planar rival. When comparing the 
polarisation curves (figure 1.15) of the two fuel cell designs at 0.6V the current 
density of the cylindrical fuel cell is approximately 37% greater than the planar and 
its maximum power density is also approximately 24% higher.  Lee, K [14] concludes 
that the main reason for the improved performance of the cylindrical fuel cell is its 
reduced contact resistance and uniform pressure distribution.   
 
Figure ‎1.15 - Polarization curves for planar PEMFC and Cy-PEMFC [14] 
 
Lee, K [14] has shown how uniquely shaped fuel cells can provide performance 
benefits over conventional planar fuel cell stacks. Although the motivation behind the 
work was to improve cell performance (by reducing contact resistance and to create 
uniform pressure distribution) the results show that there is potential to shape a fuel 
cell to a desired geometry for a particular application whilst also having the benefit of 
increasing its performance. 
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1.9 Structural power 
 
Literature has shown that considerable research has been conducted in the area of 
hydrogen supply/storage for portable applications such as UAV’s with the most 
recent work involving chemical hydride carriers. These carriers remove the need for 
heavy pressure vessels therefore reducing system weight. For this type of fuel cell 
system (fuel supplied by chemical hydride) the fuel cell stack now becomes the main 
weight contributor. Current studies involve the use of alternative materials in order to 
reduce stack weight and meet all other requirements.  However an additional 
approach is the mechanical integration of the cell / stack creating a structural fuel cell. 
The structure of the fuel cell would be a multifunctional structure providing power 
whilst serving as a load bearing structure.  
The concept of multifunctional structural batteries [23][27][28] have been considered 
for multiple applications including spacecraft / satellites [20][24][29], Unmanned 
aerial vehicles (UAVs) [22][25][26] and Unmanned underwater vehicles (UUVs) [21]. 
However limited research has been conducted in the field of structural fuel cells and 
their applications.    
 
1.9.1 Multifunctional fuel cells 
 
US Army research laboratories have conducted research into multifunctional 
structural fuel cells which use oxygen and hydrogen or an aqueous methanol mixture 
(as a direct methanol fuel cell (DMFC)) as the reactant gases. The multifunctional 
fuel cell consisted of a sandwiched composite structure. The cell utilised a 
unidirectional epoxy-carbon fibre pre-preg outer skin with a fuel cell core (figure 1.16). 
Composite structures with a foam or honeycomb core and laminate layup have 
commonly been used for structures due to their high strength to weight ratio [33]. 
Open-cell aluminium foam along with the MEA made up the fuel cell core. The 
aluminium foam core served a number of purposes firstly it provided high sandwich 
stiffness due to its shear and compression properties. The foam core also acted as a 
distribution medium providing a pathway for both the hydrogen and oxygen to reach 
the MEA. Furthermore since the aluminium foam is electrically conductive it was also 
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used for current collecting. Foams with a range of densities and porosities were 
tested in order to get the optimal balance between mechanical and electrical integrity 
[31].  
 
 
Figure ‎1.16 - Composite structural fuel cell [30] 
 
To investigate the bending stiffness of the structural fuel cell, three-point bending 
experiments were performed with the various densities and porosities of aluminium 
foam cores.  The mechanical and electrochemical performance of the composite 
structural fuel cell was tested separately. Moreover the performance of the cell due 
to the application of three point bending loads was not evaluated. Performance 
polarisation curves were produced for the various aluminium foam / MEA 
arrangements with separate stress / strain curves showing their bending stiffness at 
the load conditions. The research found that the best mechanical and electrical 
performance was achieved with foams of high porosity and density [31].  
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1.9.2 Pultruded and VARTM fuel cell 
 
Peairs et al [34] took the concept of a composite multifunctional structural fuel cell 
one step further by developing two different composite fuel cells which used an 
aqueous methanol mixture (direct methanol fuel cell (DMFC)) along with oxygen as 
the reactants. The research focused on two different technologies to manufacture 
the composite fuel cells vacuum assisted resin transfer moulding (VARTM) and 
pultrusion (figure 1.18). The pultrusion process was investigated due to it being a 
continuous automated process which could potentially produce fuel cells at high 
volume and relatively quickly. Similar to the experimental structural fuel cell 
developed by the US army research laboratory the VARTM cell (figure 1.17) 
contained an open cell aluminium foam core. The polarisation curve for the VARTM 
fuel cell showed poor performance of the cell. In addition to this corrosion problems 
with the aluminium core resulted in significant drops in performance from 0.4V (OCV) 
to 0.1V (OCV) [34].   
 
Figure ‎1.17 - Cross section of multifunctional composite fuel cell 
(Manufactured using VARTM [35]) 
 
Peairs et al [34] concluded that although the performance of the pultruded composite 
fuel cell was only marginally better than of the VARTM cell (which was due to a 
manufacturing fault where the gas flow channels got blocked) it did show some 
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promise if the manufacturing process could be refined. Importantly the performance 
of the VARTM manufactured cell and the protruded cell was not tested under 
mechanical loads.  
 
 
Figure ‎1.18 - Concept of pultruded fuel cell [35] 
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1.10 Wing rib loads 
 
The research discussed in this thesis covers the design, development, manufacture 
and testing (via mechanical loading) of a structural fuel cell which was designed to 
represent the rear rib section of a wing. Therefore it is important to understand the 
key requirements of the wing structure, the purpose of the wing rib, and the types of 
loads to which it is subjected. The wing is the key aerodynamic lifting surface which 
carries the weight of the aircraft, whilst maintaining its aerodynamic profile under 
every loading condition. The wing structure must be light weight whilst also being 
able to withstand aerodynamic and inertia loads, bending moments, shear forces, 
and torque loads without failure. In addition to this it must also survive both high and 
low loading cycles without catastrophic fatigue damage [43][42].  
The flexibility of the structure can also have a significant effect on its aerodynamic 
performance. This relationship is known as aero-elastic behaviour. During static load 
cases – the inertia (resistance to change in motion) of the structure has little effect, 
however for dynamic load cases inertia is a significant issue [42]. Furthermore the 
structure must resist excessive deformation known as aero-elastic instability [43]. 
The wing structure is made up of the following key components skin, stringers, ribs, 
and spars which are shown in figure 1.19. 
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Figure ‎1.19 - Key wing structural components [43] 
 
The wing rib maintains the aerodynamic shape of the wing along its span and chord 
by holding the wing skin apart with its aerofoil profile, however in addition to this the 
rib must also provide support for the stringers and transfer and distribute loads. The 
loads applied to the wing structure must be transferred into the wing structure 
through the skin, stringers, ribs and spars to the wing attachment points [44]. The 
loads which are applied and transferred include: 
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1. Aerodynamic loads which are acting on the wing skin, these loads are 
transferred to the stringers and then on the ribs which are then transferred to 
the spars. The aerodynamic loads include drag forces, pitching moment, lift 
force, and stringer axial forces components in the rib plane [44].   
2. Concentration forces are also transferred to the wing ribs in the form of shear 
flows. These forces are due to engine mounts (nacelles), landing gear 
connection points, connections with controlling device structures such as flaps 
and ailerons, and connections to the fuselage [44].  
3. In addition to the above forces the wing ribs are also subjected to body forces 
which include the wing structural weight and the inertia forces due to the wing 
structural forces. All the loads mentioned are transferred by the wing ribs to 
the spars and then on to the wing attachment points (connection with the 
fuselage) [44].   
 
 
Figure ‎1.20 - Wing twisting and wing bending [42] 
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The above figure 1.20 shows the aero-elastic behaviour of an aircraft wing during the 
application of flight loads. As lift force is applied at the leading edge of the wing near 
the tip during aircraft climb for example the wing tip begins to twist as well as bend 
(fig 1.20(a)). As the angle of attack (angle at the tip of the leading edge) continues to 
increase the force will also increase causing the wing to twist even more. Equally if a 
load is applied near the trailing edge of the wing tip for example when control 
surfaces are activated the wing will twist in the opposite direct (fig 1.20(b)). In both 
cases if the wing torsional stiffness is low the wing will continue to twist until 
structural failure unless stall occurs beforehand. Furthermore if the load is applied at 
the flexural centre of the wing it will only bend and not twist (fig 1.20(c)). Both the 
torsional and bending loads are transferred through the wing ribs to the spars. 
Torsion boxes are integrated into wing ribs to increase torsional stiffness [42]. The 
wing ribs are subjected to both static and dynamic bending and torsional loads. 
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1.11 Summary and knowledge gap 
 
Table 1.1 below provides a summary of the technology and knowledge development 
in structural fuel cells. Research to date has focused on different manufacturing 
techniques to manufacture light weight composite structures. The various 
manufacturing techniques use non-traditional fuel cell materials such as carbon fibre, 
structural foams, and aluminium foams. The three studies discussed all performance 
test their structural fuel cells with only one study actually mechanically testing their 
cell. The structural fuel cells are not designed to represent a specific structure or to 
be subjected to loads similar to a specific load bearing structure. Furthermore the 
performance of the structural fuel cells when subjected to mechanical loads is not 
evaluated in any of the studies.   
 
Structural fuel cell research 
Fuel cell structure 
Manufacturing 
process 
Performance 
tested 
Mechanically 
tested 
Performance 
under 
mechanical 
loads 
  
   
  
Epoxy-carbon fibre 
prepreg outer skin with an 
aluminium foam fuel cell 
Laminate 
sandwich layup 
Yes 
three point 
bending 
No 
  
   
  
Composite - open cell 
aluminium foam core 
Vacuum 
Assisted Resin 
Transfer 
Moulding 
(VARTM)  
Yes - poor 
performance 
with corrosion 
No No 
  
   
  
Reinforcing fibres and 
structural foam 
Pultrusion Yes No No 
 
Table ‎1.1 - Structural fuel cell research 
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It can be concluded from the literature that there is considerable scope for 
conducting research in the area of multifunctional structural fuel cells with their 
performance under mechanical loads being a particularly novel area of research. 
The following chapters with discuss the design and development of a single 
structural PEM fuel cell. Issues surrounding MEA manufacture, corrosion, and 
interfacial contact resistance will be highlighted. The experimental setup with be 
shown along with the mechanical loading assembly which was used to apply 
mechanical loads to the structural fuel cell. Both static and dynamic bending and 
torsional loads were applied with the performance of the cell under these load cases 
evaluated with polarisation curves. Work associated with finite elements analysis will 
also be discussed. The performance of the structural fuel cell under the various 
mechanical loads will be evaluated along with a comparison between measured and 
simulated strain and deflection for the cell.   
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Chapter 2 Structural fuel cell development 
2.1 Current fuel cell systems 
 
Considerable research has been conducted in the area of hydrogen supply/storage 
for portable applications such as unmanned aerial vehicles (UAV) with the most 
recent work involving chemical hydride carriers [37][39][57][38]. These carriers 
remove the need for heavy pressure vessels and therefore reduce system weight. 
For this type of fuel cell system the fuel cell stack now becomes the main weight 
contributor (figure 2.1). Current studies involve the use of alternative materials in 
order to reduce stack weight and meet all other requirements [19][58]. In addition to 
this there have been cases where the layout of the system is determined by the large 
bulky fuel cell stack [59]. With fuel cell stacks traditionally being cubes / cuboids and 
occasionally cylindrical in shape there is a limitation in where they can be located. In 
some cases UAV fuselages have been determined by the size of the fuel cell stack 
and not by the best optimum aerodynamic design [60]. Therefore alternative fuel cell 
shapes and methods of integration and their respective performance have been 
highlighted as unique areas of research. 
 
Figure ‎2.1 - Chemical hydride based fuel cell system [37] 
(Weight breakdown) 
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2.2 Structural fuel cell concept 
 
Extensive research was been undertaken to find alternative fuel cell bipolar and end 
plate materials in order to reduce overall weight [19][58]. An alternative approach to 
this problem is to structurally integrate the fuel cell into the airframe. The fuel cell 
could replace conventional struts, spars and ribs (aerofoils), or a combination of 
either (possibly even wing skin) within the wing structure of a UAV. In operation the 
stack would be subjected to the same mechanical and aerodynamic loads as 
conventional wing structures. Therefore the wing structure would have to meet the 
requirements for structural integrity and rigidity but additionally also provide some of 
the aircraft’s sub-system power requirements as a conventional fuel cell system. This 
approach could result in a reduction of overall aircraft weight and the creation of 
additional space (space within the fuselage previously occupied by the fuel cell stack) 
which could allow for greater payloads (sensors/cameras – subject to power 
requirements), extra fuel, or simply a lighter aircraft (higher efficiency). The principle 
is to design the fuel cell stack (and possibly the complete balance of plant) into the 
aircraft rather than choosing/designing an airframe which can accommodate a bulky 
stack. A multi-functional structural fuel cell stack could be designed to any shape and 
placed anywhere within the vehicle type, providing both UAV design flexibility and 
operational flexibility.  
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2.3 Structural fuel cell 
 
The wing rib (part of the wing aerofoil structure) was selected as a component within 
the airframe to be replaced with a fuel cell (figure 2.2); it is one of the most complex 
shapes within an airframe and would also result in a unique fuel cell which has 
distinctive mechanical requirements. Aerofoil structures are designed to specific 
aerodynamic shapes and must also be able to take the aerodynamic and mechanical 
loads making them a key component within the airframe. 
When considering replacing a component within an airframe it is important for the 
replacement structure to be able to withstand operational loads, and with the 
multifunctional structural fuel cell to also provide some power for the vehicle. The 
research was designed to investigate the mechanical / structural loading of the fuel 
cell and thereby determine its performance under mechanical loads. The 
experimental setup and a unique structural fuel cell where designed. In addition a 
mechanical loading assembly was designed and manufactured for the purpose of 
structurally loading the fuel cell. 
 
 
Figure ‎2.2 - Fuel cell replacement of the Rear Rib structure highlighted in red 
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2.4 Structural fuel cell design and development 
 
A single structural fuel cell was designed based on a conventional clamping 
arrangement of End plate, Bipolar plate, Gas diffusion layer (GDL), Membrane 
Electrode Assembly (MEA), Gas diffusion layer (GDL),  Gasket, Bipolar plate, 
Endplate (figure 2.3). 
 
Figure ‎2.3 - Exploded view of a conventional fuel cell arrangement 
 
The development of the structural fuel cell involved a conceptual design wish was 
evaluated using finite element analysis. The results of the analysis were used to 
further develop the cell towards a final design which was then manufactured and 
tested. Aluminium is the material typically used for most aircraft structures as it is 
much lighter than steel. Also aluminium has a lower modulus of elasticity (70GPa) 
and tensile strength (up to 310MPa) compared to steel (210GPa and 600MPa 
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respectively) which is beneficial when considering the loads that would be required in 
order to produce measurable deformation [61][62][66]. Aluminium 1050 was the 
initial material of choice for both end plates and bipolar plates due to its weight 
benefits and ease of availability. 
 
2.5 Cantilever concept and terminology 
 
The unique tapered geometry of the structural fuel cell was designed to reflect the 
rear rib section highlighted in figure 2.2. The cantilever loading arrangement mimics 
the rear rid section with the root of the structural fuel cell being attached to the wing 
spar and the tip being the trailing edge of the rib, where load is applied due to the 
control surfaces (figures 2.2 and 2.4).   
In addition to this the length and width of the structural fuel cell was restricted due to 
the size constraints of the mechanical load area on the loading assembly. Gas inlet / 
outlet holes were also sized in accordance to the available reactant gas delivery 
pipes and fittings. 
 
 
Figure ‎2.4 - Cantilever arrangement with terminology 
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2.6 Conceptual design 
2.6.1 Bipolar plates 
 
The structural fuel cell bipolar plates (figure 2.5) were designed to provide an 
efficient transportation path (flow channels) for the flow of reactants (Hydrogen and 
Oxygen) over the gas diffusion layer and subsequently over the membrane electrode 
assemble (MEA). In addition to being used for the transport of gases they were also 
designed to serve as current collectors. The plates were designed with a tab on each 
side which were used to attach crocodile clips for the collection of current. 
 
Figure ‎2.5 - Structural fuel cell stainless steel bipolar plates 
 
Surface area is an important aspect of bipolar plate flow field design as it directly 
influences the mass transport efficiency and electrical conductivity of the plates. As 
the total flow field area equals the sum of the surface area of the channels and the 
land area (which is the contacting area between the bipolar plates and the gas 
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diffusion layer). A larger surface area of channels would be good for mass transport 
but would also reduce the conduction of electricity and eventually affect the fuel cell’s 
performance. Therefore, a trade-off between mass transport and electrical 
conductivity is needed for the channel surface area. Designing bipolar plates to have 
a flow field area of 75% is considered acceptable [63]. 
For simplicity the flow channels were designed to be single serpentine with a 
constant width and depth of 1mm and the land width between the channels to be 
0.8mm. Total flow channel length was approximately 1395mm.  
It’s important to note that for the structural fuel cell the flow channel design was not 
optimised for best performance as this task was not considered to be a core aspect 
of the current research and therefore part of future work. Optimising the flow field 
would increase the reactant concentration within the channels (It is well known that 
reactant concentration decreases along the length of the flow channels due to the 
consumption of reactants and pressure drop from inlet to the outlet). Maintaining a 
high reactant concentration would help in retaining a high and uniform gas pressure 
over the GDL / MEA forcing the reactants through to the GDL and over the catalysis 
for the electrochemical reaction to take place. Therefore ensuring the lowest possible 
pressure drop over the flow field is an important aspect of flow field design [63].   
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2.6.2 End plates 
 
The end plates were designed to be 20mm thick and manufactured from aluminium 
(figure 2.6) – the design incorporated a large loading pin hole (at the tip of the plate), 
four 10mm holes for locating to the mechanical loading assembly, six 7mm bolt holes 
for clamping, and mass reduction with material removed to reduce weight (wall 
thickness reduced to 5mm), rib stiffeners (intersecting at 45º) were introduced to 
maintain the components stiffness. 
 
 
 
Figure ‎2.6 - Structural fuel cell aluminium end plates 
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2.6.3 Initial FEA 
 
Finite element analysis was used to determine how the structural fuel cell would 
react under various loading conditions and therefore where design modifications are 
required. With the finite element method it was possible to determine displacement, 
deformation and also the load at which the structure begins to yield - from an 
experimental point of view it was important not to stress the structure close to or 
beyond this point. Finite element modelling was applied through the steps illustrated 
in figure 2.7. 
 
 
Figure ‎2.7 - Finite element modelling steps 
 
Once the components were designed in either Catia or Abaqus they were imported 
and assembled within the computational simulation software Abaqus. Initially all the 
components within the structural fuel cell were modelled including MEA and Gaskets. 
However due to the additional complexities this produced the Gaskets and MEA 
were removed from the model.  
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Figure ‎2.8 - End plate displacement 
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The above image (Top half of figure 2.8) depicts a view from the root of the structural 
fuel cell assembly with bolt loads being applied to simulate clamping. Boundary 
conditions were set as “Encastre” at the root of the assembly – where no 
translational or rotational movement was possible – simulating the cantilever beam 
scenario with the structural fuel cell bolted into the mechanical loading assembly. 
Furthermore the contact property between the surfaces is specified as Normal 
Behaviour – “hard Contact” which is an accurate contact property for metallic plates 
making contact [55]. All nodes were allowed all 6 degrees of freedom, translation in 
X, Y, and Z, and rotation about X, Y, and Z. Due to the complexity of the structural 
fuel cell, 10 node quadratic tetrahedron elements (C3D10) which have four 
integration points were used for the above simulation. The model included a total of 
45 thousand tetrahedral elements. Bolt clamping loads (equivalent to 1.5Nm of 
torque per bolt) were applied as surface pressures over partitioned areas around the 
bolt holes. The partitioned areas represented the surface area of the washers used 
with each clamping bolt.  
The graph (bottom half of figure 2.8) depicts the displacement of the end plates due 
to the application of clamping loads. The Y axis of the graph indicates displacement 
in millimetre and the X axis shows the 11 selected nodes from which the 
displacement data was extracted. The 11 nodes sit on the edge of each end plate. It 
is clearly evident from the load simulation that once the clamping bolt loads are 
applied to the end plates they begin to arch away from the bipolar plates which sit 
between them, with the most extreme movement occurring in the centre section of 
the end plates at node 6. It is strongly believed that once the end plates begin to 
arch and move away from the bipolar plates the bipolar plates themselves would 
move resulting in the misalignment of the gaskets and MEA causing gas leakage. 
The FE model helped illustrate a key design fault in the structural fuel cell with the 
bipolar plates sitting inside the end plates, which allows for the end plates to displace 
independently of the bipolar plates when clamping bolt loads are applied and 
therefore the assembly is not acting as one rigid body.  
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2.7 Structural fuel cell design 
 
The FE results were used for a complete redesign of the structural fuel cell. The 
numbers of clamping bolts (figure 2.9) were increased from six to thirteen. The bolts 
were evenly spaced along the length of the cell from the tip to the root which would 
help in providing an even clamping force over the MEA. 
 
Figure ‎2.9 - Redesigned structural fuel cell end plate 
 
Three camping bolts were specifically designed near the gas inlet and outlet nozzles 
to help prevent gas leakage from these locations. The bolts would allow for a tight 
and secure connection to be made between the gas inlet holes from the end plates 
and gas inlet holes of the bipolar plates. Once again mass reduction was achieved 
by removing material and employing stiffener ribs. Importantly no material was 
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removed around the gas inlet and outlet nozzle holes (5mm wall thickness was 
maintained) in order to insure the gas nozzles fit without the need for any further 
modifications. The end plates were designed to be 5mm thick with 3mm wall 
thickness at selected locations, which helped reduce overall weight and the amount 
of load required for deflection. The root and tip width and overall length of the cell 
was constrained to the area available in the mechanical loading assembly. Complete 
end plate dimensions can be found in the appendix.        
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2.7.1 Bipolar plate and Gasket 
 
The bipolar plates and gasket were designed to be the same width as the end plates 
and with the clamping bolts passing through the end plates, bipolar plates and 
gasket (figure 2.10). The new arrangement insured that both the bipolar plates and 
gasket were secured in position once the cell was clamped together without the 
possibility of the MEA or gasket moving out of place. Additionally the gasket width 
and the distance between the flow channels and the outside of the bipolar plates was 
also increased from 11 mm to 25mm which resulted in an increase in gasket sealing 
area from 3950mm2 to 8275mm2 an increase of 53% - the larger gasket surface area 
reduced the possibility of gas leakage from this area. The new bipolar plates were 
now 2.5mm aluminium 1050A as opposed to the original 4mm thick plates. The flow 
channel length/width and depth as well as flow pattern was kept the same as the 
previous design. Complete bipolar plate dimensions can be found in the appendix.  
 
Figure ‎2.10 - Bipolar plate and Gasket re-designed 
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2.7.2 Gas inlet/out sealing    
 
Additional modifications were made to the interface between the end plate gas exit 
hole and the bipolar plate gas entry (figure 2.11). A 1.2 mm recess was designed 
into the gas exit location on the end plates, which allowed for an O-ring with 15mm 
diameter and 1.7mm cross section to be fitted. The O-ring protruded 0.5mm above 
the surface of the end plate as it would come in to contact with the bipolar plate 
(during the assembly and tightening of the clamping bolts) flattened resulting in a gas 
tight seal. 
 
Figure ‎2.11 - Gas inlet, end plate, and bipolar plate arrangement 
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2.7.3 Gasket 
 
The gasket material chosen for the structural fuel cell was the Klinger C-4430 which 
comprised of a combination of synthetic fibres and glass-fibres bound in Nitrile 
rubber. The gasket was specifically designed for fuel cell applications with high 
temperature resistance in steam and water as well as excellent resistance to oils and 
hydrocarbons [64].  
 
 
Figure ‎2.12 - Application guide [52] 
 
The above graph (figure 2.12) depicts the operational conditions for the C-4430 
gasket. The area shaded grey on the graph depicts the range of optimum operating 
conditions for the gasket which was within the operating conditions expected for the 
structural fuel cell (cell operating temperature is expected to be 60 to 75°). Each 
gasket was cut using a computer numerically controlled (CNC) flatbed cutter in order 
to ensure uniformity and accuracy. The gasket material was purchased in a range of 
thicknesses from 0.25mm to 1mm to allow flexibility during testing 
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2.7.4 Membrane Electrode Assembly (MEA) manufacture 
 
Due to the unusual shape of the structural fuel cell it became quickly apparent that it 
would not be possible to purchase the MEA’s off the shelf. A number of external 
companies where approached to manufacture the bespoke MEA’s, however due to 
the requirement of small batch numbers, industrial manufacture of MEA’s was not 
financially feasible, therefore the custom MEA’s had to be manufactured in house. 
The membrane electrode assembly and gas diffusion layer (GDL) were 
manufactured with support from the University of Birmingham’s fuel cell lab. The 
membrane for the assembly was chosen to be DuPont Nafion 212 which is 
manufactured from perfluorosulfonic acid / PTFE copolymer in H+ acid form and has 
high chemical resistance and durability [65]. Nafion membranes are widely used for 
Polymer Electrolyte Membrane (PEM) fuel cells and allow the selective 
transportation of species across cell junctions.  
 
Figure ‎2.13 - MEA and Gasket 
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An initial five layer (Gas diffusion layer, anode electrode, Membrane, cathode 
electrode, Gas diffusion layer) MEA was manufactured by colleagues at the 
University of Birmingham, which had a platinum loading of 0.4mg/cm2. Subsequently 
the manufacturing process was learnt (figure 2.14) and an additional six MEA’s 
where manufactured with five considered suitable for use. The five layer MEA’s were 
manufactured with a platinum loading of 0.5mg/cm2 as this was commercially 
available at the time and reproducibility of the results could be guaranteed.  In order 
to simplify the manufacturing process the MEA and GDL were purchased as a 
0.4mm thick Gas diffusion electrode (GDE) assembly. Additional materials included 
Nafion solution (10wt %), Nafion 212 membrane material (0.05mm think), and 
Isopropanol solution. Both the anode electrode and cathode electrode for all the 
MEA’s were manufactured using the same gas diffusion layer (part of the GDE) and 
had a platinum loading of 0.5mg/cm2. The fully assembled MEA (Gas diffusion layer, 
anode electrode, membrane, cathode electrode, and gas diffusion layer) had a 
maximum thickness of 0.8mm over the electrode area.      
The active area of the MEA was designed to be 25cm2 with a membrane overhang 
of approximately 11mm (the average membrane overhang for commercial MEA is 
10mm). As the GDE surface is hydrophobic the electrolyte membrane (which is 
hydrophilic) over hang would be used to hydrate the MEA prior to it being used. The 
gasket was designed to sit on the 11mm membrane overhang providing sealing for 
the cell (figure 2.13). The gasket also sits above the gas inlet and outlet holes of the 
bipolar plates preventing Hydrogen from the anode and oxygen from the cathode 
from mixing – instead the reactants are forced through the flow channels and over 
the MEA for the electrochemical reactions to take place.  
In total approximately forty MEA’s were manufactured to conduct mechanical loading 
experiments (four batches) along with a batch of six (as mentioned above) MEAs for 
initial evaluation. Batch 1 consisted of ten MEA’s, batch 2 was also ten MEA’s, and 
batches three and four consisted of eight MEA’s each.         
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Figure ‎2.14 - MEA manufacturing process 
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2.7.5 GDE misalignment  
 
One of the major problems faced during the manufacture of the MEA’s was the 
misalignment of the GDE’s each side of the membrane. Extra care was taken in 
inspecting the assembly prior to hot pressing; however movement during the manual 
handling of the assembly did cause misalignment. Out of the initial six MEA’s 
manufactured the most extreme case is illustrated in figure 2.15.  
 
Figure ‎2.15 - GDE misalignment 
 
Figure ‎2.16 - MEA7 Batch 3 
Over time the manufacturing process was refined with the equipment required to 
manufacture the MEA’s relocated to close proximately of each other and thus 
reducing the need to manually move the MEA’s over long distances prior to hot 
pressing. Misalignment due to manual handling was resolved, however some 
alignment issues due to the manual cutting of each GDE (each GDE was not 
identical) for the initial MEA’s remained (figure 2.16).     
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2.7.6 Electrical insulation  
 
The original bipolar plates were intentionally designed to be smaller than the end 
plates and sit inside them as illustrated in figures 2.5, 2.6, and 2.8 with the bolts 
sitting outside the bipolar plates. This prevented the possibility of the bolts becoming 
electrically charged during the fuel cell operation. The new bipolar plates were 
designed to be the same size as the end plates with the clamping bolts passing 
through all components in order to clamp the cell together. For the purpose of 
electrical insulation and to prevent the cell from being short circuited the clamping 
bolts were housed in 2mm thick Polyetheretherketone (PEEK) bushes. Two different 
lengths of bushes were designed 11mm long and 6mm long (figure 2.17). The 
shorter 6mm bushes were designed to pass through one end plate. The larger 
bushes (11mm long) where used for each corner bolt of the structural fuel cell 
assembly and passed through end plate, bipolar plate, MEA, Gasket, and into the 
remaining bipolar plate on the opposite side of the assembly. Apart from electrical 
insulation the larger bushes aided in cell assembly by ensuring that all components 
within the assembly (MEA, Gasket, Bipolar plates) remained in their correct positions 
and therefore eliminating assembly alignment (and subsequent MEA damage) 
problems. 
 
Figure ‎2.17 - Clamping bolts and short and long bolt insulation bushes 
(Cross section of structural fuel cell assembly) 
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2.7.7 Gas tightness 
 
The structural fuel cell was then manufactured and assembled (figure 2.18) and 
checked for gas tightness. The entire structural fuel cell assembly was submerged in 
deionised water whilst the inlet and outlet gas pressures were being measured. It 
became quickly evident that the Klinger C-4430 gasket being employed was not 
suitable for the job. Although the Klinger C-4430 had been specifically designed for 
fuel cell applications it did not provide the degree of flexibility and malleability 
required for the structural fuel cell. Once under mechanical load the structural fuel 
cell is expected to deflect and therefore the gasket must flex along with it so as to 
maintain gas tightness. A number of rubber based materials (Table 2.1) were 
considered as an alternative to the Klinger C-4430 gasket.   
 
Figure ‎2.18 - Exploded view of the new structural fuel cell 
(Bolts and bolt bushes not included) 
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Table ‎2.1 - Performance of a range of rubbers considered for the gasket [67] 
 
From the above table Nitrile is the most suitable material due to its all-round 
resistance to chemical attack. Gas permeability and good tear strength. However 
due its expense and lack of availability Nitrile was ruled out of contention for a 
suitable gasket material.   
The synthetic rubber neoprene (also known as polychloroprene or chloroprene 
rubber) was considered the next most suitable candidate for the structural fuel cell 
gasket. Neoprene has very good tear strength and resilience with resistance to 
degradation including resistance to hydrogen and oxygen degradation. Oxygen 
permeability is also extremely low, furthermore neoprene is relatively inexpensive 
when compared to other rubbers and is easily available. Neoprene sheets were 
purchased in a range of thicknesses from 0.30mm to 1.30mm. Each sheet was 
manually cut (using a scalpel) to the appropriate gasket shape and size (A special 
tool was manufactured to punch out the holes for the clamping bolts) and then tested 
with the new redesign structural fuel cell.      
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Figure ‎2.19 - Structural fuel cell gas tightness achieved 
 
The new structural fuel cell was assembled with a 1mm thick neoprene gasket and 
once again submerged in deionised water with air supplied into the fuel cell. The gas 
outlet pressure reading on the data acquisition unit was identical to the gas inlet 
pressure reading with no visible gas bubbles (figure 2.19). Both sides of the fuel cell 
assembly were tested. The same test was conducted using hydrogen as the inlet 
gas with no drop in pressure or visible gas bubbles - which indicated that the 
structural fuel cell was now completely gas tight. 
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Chapter 3 - Experimental setup and results 
 
3.1 Fuel cell operating conditions 
 
The operating conditions used to run the fuel cell are critical to its performance, 
reliability, and durability. Operating conditions vary with cell designs / type, 
application (Stationary fuel cell or portable fuel cells), and operating environment 
(For open air cathode fuel cells humidity levels of the air are extremely important). 
Key areas of consideration for operating conditions include Water management, 
Thermal management, Flow rate and consumption rate of reactants, and Cell 
operating pressure. 
Some base line calculations were made with regards to the operating conditions 
required for optimal performance of the structural fuel cell. For these calculations it 
was important to consider stoichiometry ratio (λ) or rate of supply of reactants. This 
is extremely important for the supply of oxygen / Air. If the reactants are supplied at 
the rate of consumption and there is an increase in demand (increase in current) the 
cell would quickly be depleted of all reactants resulting in a complete loss in 
performance. Furthermore for optimum performance reactants cannot be supplied at 
less than the stoichiometry rate. A stoichiometry ratio greater than two is considered 
standard practice [40]. For the purpose of calculating the baseline operating 
conditions the performance of a Clearpak pragma fuel cell was used to bench mark 
against. The Pragma fuel cell had an active area of 25 cm2 (Identical to the structural 
fuel cell) with a platinum loading of 0.3mg/cm2 on the anode and 0.6mg/cm2 on the 
cathode. Total platinum loading on the Pragma cell is 0.9mg/cm2 (anode plus 
cathode) compared to the total platinum loading on the structural fuel cell of 1mg/cm2 
(anode 0.5mg/cm2 and 0.5mg/cm2 cathode). The peak power of the pragma cell is 7 
Watts at 16 Amps and a voltage at steady state of 0.6V [45].   
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3.1.1 Consumption of Oxygen 
 
Within the fuel cell electrochemical reaction four electrons are transferred for every 
mole of oxygen therefore:  
O2 consumption = 
𝐼
4𝐹
 Moles s-1                                           [4.1] 
For a stack of n cells the current can be multiplied by the number of cells however 
the present calculations will only deal with a single structural fuel cell.  
The formula is more useful in Kgs-1 and in terms of power rather than current. 
    Power, 𝑃𝑒 = Vc ×  I                                                           [4.2] 
Where Vc is the steady state voltage for the Pragma fuel cell 
Therefore 𝐼 =
𝑃𝑒
𝑉𝑐
                              [4.3] 
Substituting equation 4.3 into equation 4.1 we get 
O2 consumption  =
𝑃𝑒
4×𝑉𝑐×𝐹
                       [4.4] 
Changing Moles s-1 to Kgs-1 we get 
                             O2 consumption =
32×10−3×𝑃𝑒
4×𝑉𝑐×𝐹
                   [4.5] 
= 8.29 ×  10−8 ×
𝑃𝑒
𝑉𝑐
 𝐾𝑔𝑠−1 
                           
 
 
Experimental work is to be carried out with the supply of air to the cathode and not 
pure oxygen and therefore the percentage of oxygen within air (21%) and its molar 
mass (28.97 x 10-3 Kg mole-1) must also be considered.  
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Therefore  
Air consumption =
28.97 × 10−3×𝑃𝑒
0.21 ×4 ×𝑉𝑐 ×𝐹
𝐾𝑔𝑠−1  
= 3.57 ×  10−7 ×
𝑃𝑒
𝑉𝑐
 𝐾𝑔𝑠−1 
If the air is supplied at this rate it would be completely exhausted of oxygen upon 
exiting the structural fuel cell which is impractical and detrimental to fuel cell 
performance – potentially starving the cell of reactants. Therefore the stoichiometry 
ratio must be included in the equation.  
Air consumption  = 3.57 × 10−7 ×  𝜆 × 𝑃𝑒
𝑉𝑐
 𝐾𝑔𝑠−1        [4.6] 
 
λ Pe Vc Kgs-1 Lmin-1 
1 7 0.6 4.17E-06 0.21 
2 7 0.6 8.33E-06 0.42 
3 7 0.6 1.25E-05 0.64 
4 7 0.6 1.67E-05 0.85 
 
Table ‎3.1 - Air consumption with a range of stoichiometry ratios (λ) 
 (Kilograms per second (Kgs-1) and Standard litres per minute (Lmin-1)) 
 
Equation 4.6 was used to calculate a range of mass flow rates (Mass flow rates 
converted from kilograms per second to standard litres per minute) for oxygen at four 
different stoichiometry ratios (Table 3) using the peak power (Pe) value of the 
Pragma fuel cell.  
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3.1.2 Consumption of Hydrogen 
 
Within the fuel cell electrochemical reaction we know that two electrons are 
transferred for every mole of Hydrogen therefore:  
H2 consumption  =  
𝐼
2𝐹 Moles s-1                                     [4.7] 
Once again the formula is more useful in Kgs-1 and in terms of power rather than 
current. 
H2 consumption =
𝑃𝑒
2×𝑉𝑐×𝐹
                          [4.8] 
Changing for the molar mass of Hydrogen which is 2.02 x 10−3kg mole s-1 
H2 consumption =  
2.02 × 10−3× 𝑃𝑒
2 ×𝑉𝑐 ×𝐹
 
= 1.05 ×  10−8  ×  
𝑃𝑒
𝑉𝑐
 𝐾𝑔 𝑠−1                      [4.9] 
A stoichiometry ratio must be included in the equation therefore: 
H2 consumption  = 1.05 × 10
−8 ×  𝜆 × 𝑃𝑒
𝑉𝑐
 𝐾𝑔𝑠−1                [4.10]     
   
 
 
 
 
 
Table ‎3.2 - Hydrogen consumption with a range of stoichiometry ratios (λ). 
(Kilograms per second (Kgs-1) and Standard litres per minute (Lmin-1)) 
λ Pe Vc Kg s-1 Lmin-1 
1 7 0.6 1.225E-07 0.01 
2 7 0.6 2.450E-07 0.01 
3 7 0.6 3.675E-07 0.02 
4 7 0.6 4.900E-07 0.02 
5 7 0.6 6.125E-07 0.03 
6 7 0.6 7.350E-07 0.04 
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3.1.3 Water production 
 
For the purpose of managing water balance within the fuel cell and fuel cell system it 
was important to determine the rate at which the structural fuel cell would produce 
water. Much like the hydrogen reaction one mole of water is produced for every two 
electrons. Therefore we can adapt equation 4.8 to obtain the following:  
Water production =
𝑃𝑒
2×𝑉𝑐×𝐹
                         [4.11] 
Changing for the molecular mass of water which is 18.02 x 10-3 kg mole s-1 
Water production =  
18.02 × 10−3× 𝑃𝑒
2 ×𝑉𝑐 ×𝐹
                              
= 9.34 ×  10−8  ×  
𝑃𝑒
𝑉𝑐
 𝐾𝑔 𝑠−1                    [4.12] 
For the Pragma / Structural fuel cell the amount of water produced in 1hr would be: 
= 9.34 ×  10−8  ×
7
0.6
𝑘𝑔 𝑠−1 
= 1.09 ×  10−6𝑘𝑔 𝑠−1 
= 1.09 ×  10−6 × 60 × 60 = 0.0039 𝑘𝑔 
The above value is more useful in terms of volume: 
The density of water is 1.0gcm3  
0.0039kg is equivalent to 3.9cm3 
Therefore it was estimated that the Pragma / Structural fuel cell would produce 
approximately 3.9ml of water per hour. 
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3.2 Water management  
 
Water balance within the cell is needed to allow for efficient conductivity of Ions 
through the polymer electrolyte membrane during the electrochemical reaction. The 
conductivity of Ions is directly proportional to water content within the cell and the 
water production at the cathode is proportional to current density [40][2]. As the 
reactants flow through the cell there is a tendency for the electrolyte membrane to 
dry out and loose Ion conductivity (this was witnessed during initial experimentation) 
resulting in cell failure and potential damage to the MEA. However, too much water 
within the cell would block the pores in the electrodes and / or the gas diffusion layer 
flooding the flow channels and preventing the reactants from reaching the electrode 
for the electrochemical reaction to occur. An important aspect of water management 
is to initially understand where water is produced and transported to and from as 
shown in figure 3.1.  
 
Figure ‎3.1 - Production and transportation of water content [2] 
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During initial operation of the structural fuel cell the production of water at the 
cathode was clearly visible and this water was collected in order to prevent it from 
entering the gas outlet control panel. In addition to this water was also observed at 
the anode and it is strongly believed that this was due to back diffusion where the 
concentration gradient at the cathode drives the diffusion of water back through the 
membrane to the anode (figure 3.1). During this time the cell voltage would become 
erratic and continuously fluctuate between 0.4V and 0.6V (During what were steady 
state conditions) indicating cell flooding [7] [41].  
 
Figure ‎3.2 - Passive humidification with internal recirculation of water 
(Using counter flow of reactants) 
One of the methods used to maintain high moisture content within the electrolyte 
membrane (for optimal performance) whilst also preventing the accumulation of 
water for flooding was to counter flow the reactant gases (figure 3.2). The water still 
flows from the anode to the cathode as this occurs with the transportation of Ions 
(electro-osmotic drag) and is proportional to the current; however the back diffusion 
from cathode to anode varies and is compensated for by gas circulation [40][41]. The 
method maintain sufficient moisture within the structural fuel cell MEA when 
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operating at current values below 4 Amps, however once greater than 4 Amps of 
current was drawn, the performance of the cell would begin to drop off indicating that 
the electrolyte was beginning to dry out. At high current densities, the electro-
osmotic transport of water from the anode to the cathode exceeds the water 
transportation from cathode to anode via back diffusion, which leads to membrane 
dehydration and performance degradation [40][41]. 
 
3.3 Humidification  
 
Fuel cells must have a precise balance between having enough moisture to maintain 
a hydrated electrolyte membrane for high Ion conductivity whilst also preventing the 
accumulation of excess moisture which would result in flooding. It was clear from the 
initial running of the structural fuel cell that some form of active humidification was 
required to ensure that the electrolyte membrane remained adequately hydrated at 
higher current densities.     
 
Figure ‎3.3 - Humidify bottle and dual temperature controller 
The humidification bottles and controllers where provided by US company fuel cell 
technologies (figure 3.3). The humidification bottle was filled with deionised water 
and it had two heating elements, one in the main bottle and one in the arm as the 
gas would leave the main bottle and enter the fuel cell. Each heating element was 
 
87 
controlled by a dual temperature controller. The arm temperature in each humidifier 
was always higher than the main bottle temperature thus minimising the possibility of 
dew build up in gas delivery pipes. Three specific humidification tests where run; 
firstly only the oxygen line was humidified and then only the hydrogen line, followed 
by the humidification of both the hydrogen and oxygen lines. It was found that the 
cell performed considerably better with both the hydrogen and oxygen lines being 
humidified.  
 
Figure ‎3.4 - Humidifier gas outlet temperature / flow rate against dew point [78] 
 
Fuel cell technologies provided the data for figure 3.4 to help understand the 
operating conditions of the humidifiers. The gas flow rates were converted into 
standard litre per minute for ease of use and interpretation (0.1, 0.25, 0.5, 1, 2, and 5 
LPM respectively). Fuel cell technologies collected the above test data by attaching 
a one meter long gas tube to the humidifier gas outlet, running the humidifier at the 
above temperatures and flow rates, and then taking dew point measurements from 
the open end of the gas tube. Although this graph does not provide gas humidity 
percentage levels it can be assumed that at the point at which dew is beginning to 
form the gas is completely saturated with water and is at 100% humidity. Up to 100% 
humidified reactant gases are extremely desirable for maintaining electrolyte 
membrane hydration at high temperatures and thus optimum fuel cell performance.  
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3.4 Thermal management 
 
Monitoring and controlling fuel cell temperature is integral to its performance, 
durability and reliability. Increasing fuel cell temperature increases the 
electrochemical reaction kinetics and thus cell performance. The upper limit of PEM 
fuel cells operating temperature is considered to be 90°C (Low temperature PEM 
fuel cells) due to the fact that water begins to evaporate from the membrane above 
this temperature. As the temperature increases there is an increase in gas diffusivity 
and membrane conductivity. At lower temperatures water within the cell is in its liquid 
form and could cause flooding of the catalyst and gas diffusion layer. Although gas 
diffusivity increases with increases in temperature the ion conductivity of the 
electrolyte membrane could decrease due to a reduction of water content. A 
temperature range between 65 to 75°C is considered optimum for most low 
temperature fuel cells [40][2][7][41].  
Fuel cells are typically arranged as a stack (multiple cells together) to provide the 
desired power output in addition to this they also generate considerable heat. The 
heat generated is often in excess of that required for the optimum performance of the 
cell and therefore some form of cooling is required. The singular structural fuel cell 
could not produce the required amount of heat from its electrochemical reaction to 
reach minimum optimum operating temperature of 65°- 70°C. Although the 
humidified reactant gases (humidification process increased their temperature) did 
help in increasing the cell temperature it was not sufficient and thus to reach 65°- 
70°C the cell required some form of external heating. A range of external heating 
sources were considered including hot air blowers and heat lamps however these 
heaters would heat up the surrounding areas, the mechanical assembly, and test 
equipment which were undesirable.  
Electrical resistance based heaters where considered to be the best choice as they 
would only heat up the structural fuel cell (to which they would be bonded). 
Furthermore the heaters would be combined with a thermocouple (which sits inside 
the fuel cell) and a control unit allowing the cell temperature to be monitored and 
controlled to with ± 1°C. 
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It was possible to estimate the heat energy required to raise the structural fuel cells 
temperature from 15°C (estimation of cell temperature whilst inactive) to the desired 
70°C: 
𝑄 = 𝐶 × 𝑀 × (∆𝑇)                             [4.13] 
Where Q is the heat energy required, C is the specific heat capacity of fuel cell 
material (The amount of heat required per unit mass to raise the temperature by one 
degree Celsius), M is material mass, and ∆T is the desired change in temperature 
(Final temperature – Initial temperature).  
The specific heat capacity of aluminium (which is the bulk of the fuel cell) is 900 J/Kg 
and the mass of each end plate and each bipolar plate is 134 grams and 66 grams 
respectively. Therefore the total mass of the structural fuel cell is 400 grams (2 x 134 
grams + 2 x 66 grams). Substituting these values into equation 4.13: 
= 900
𝐽
𝐾𝑔
 × 0.4 𝐾𝑔 𝑥 (70° − 15° ) 
= 19800 𝐽  
Therefore the power required to raise the temperature of the structural fuel cell from 
15° to 70° degree is 19800 joules. In addition to heating power it was also important 
to consider; the time it would take for the cell temperature to be raised to the desired 
value (the shorter the time period the better), even distribution of heat over the MEA 
to prevent temperature gradients which are detrimental to cell performance, and the 
size of the heating element to be employed.   
A range of etched foil flexible silicone heating elements where tested for heating the 
structural fuel cell. Although these heaters where rated at 12V they were run at 24V 
which produced greater heat to the detriment of lifespan.  
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Figure ‎3.5 - Structural fuel cell with a flexible silicone heating element attached 
 
Figure 3.5 shows a 20W (20W at 24V) heating element bonded to each side of the 
structural fuel cell. The heating elements where supplied with 24 volts, and a 
thermocouple was used to measure change in cell temperature. The experiment was 
conducted on a neoprene mat in order to reduce thermal conductivity away for the 
cell. Also the average room temperature was 18 degrees Celsius.  
As mentioned previously it was also important to understand how long it would take 
the cell to get up to temperature with only the heating elements being used. It was 
possible to approximate this time by using the 1-dimensional heat conduction 
equation:    
𝑄
𝑡
=
𝑘×𝐴 ×∆𝑇
𝐿
                                 [4.14] 
Rearranging for time:  𝑡 =
𝑄×𝐿
𝑘×𝐴 ×∆𝑇
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Where Q is heat energy required, A is surface area, L is length to centre, t is time, K 
is thermal conductivity of aluminium and ΔT is the desired change in temperature. 
The required heat energy as calculated using equation 4.13 is 19800 joules, the 
surface area of the end plate (inner surface which touches the bipolar plates) is 
approximately 0.0008m2, the length to the centre of the plate is 0.1m, thermal 
conductivity of aluminium is 205 W/m, and the desired change in temperature is 
55°C. Substituting these values into equation 4.14: 
 
=
19800𝐽 × 0.1𝑚
205𝑤 × 0.0008 × 55°
 
= 219𝑠 
𝐴𝑝𝑝𝑟𝑜𝑚𝑖𝑎𝑡𝑒𝑙𝑦 3 𝑚𝑖𝑛𝑢𝑡𝑒𝑠 =
219𝑠
60
 
 
Although it was estimated that the cell would reach 70 degrees in approximately 3 
minutes during the experimentation it actually achieved this temperature in 4 minutes 
50 seconds. The variation between the two values can be put down to the actual 3-
dimensional nature of conduction where the component thickness is a contributing 
factor as opposed to a simple 1-dimensional estimation where it is not.      
The 20W heating elements performed very well under test conditions. However due 
to their size and the unusual shape of the structural fuel cell it was not possible to 
mount then at a centralised location where they would not interfere with the clamping 
bolts. Furthermore their limited mounting locations meant that they couldn't provide 
an even distribution of heat along the entire length of the cell and thus creating 
undesirable temperature gradients (please see figure 3.5).  
 
 
 
 
92 
 
 
 
Figure ‎3.6 - Three heating elements bonded to each end plate 
 
Following the above results smaller heating elements were tested – three heating 
elements were bonded to each side of the structural fuel cell (as shown in figure 3.6). 
At 24 volts these heaters produced 30 watts of power (total) and heated the fuel cell 
up to 70 degrees in approximately 10 minutes. As can be seen from the above figure 
the new heaters didn't interfere with the clamping bolts and were easily positioned 
along the length of the cell, which allowed for an even distribution of heat and 
minimal temperature gradient.  
 
 
 
 
93 
3.5 Experimental parameters 
 
Although many of the fuel cell operating parameters had been calculated in practice 
operating temperature, reactant flow rates, water balance / humidity, reactant 
pressure, and clamping pressure, all are interlinked and changing one parameter 
affects the others and thus changes the cells performance.  
 
 
 
 
 
 
 
 
Table ‎3.3 - Structural fuel cell operating parameters 
 
To determine the structural fuel cells optimum operating conditions its performance 
was analysed under a range of different conditions. Table 3.3 shows the operating 
parameters under which the fuel cell performed best. 
All experiments were carried out in the fuel cell laboratory, unfortunately the heating 
system in the laboratory was inadequate and for health and safety reasons the gas 
extractor fans had to be in operation whilst the cell was running. In addition to this 
due to the time required to do some of the experimental work it was carried out 
throughout the day and late into the evening (when there was no heating in the 
laboratory) and over winter when the room temperature would drop below ten 
degrees Celsius.  
For the structural fuel cell to operate in the above environment in addition to the 
heating elements a heating gun was employed. The heating gun was used to create 
Structural fuel cell operating parameters 
    
Operating temperature 65°± 1° 
Humidifier bottle 
temperature 80°± 1° 
Humidifier Arm temperature 85°± 1° 
    
Hydrogen back pressure 0.70 ± 0.01 Bar 
Hydrogen flow rate 0.65 LPM 
Hydrogen stoichiometry (λ) 10+ 
    
Oxygen flow rate 0.65 LPM 
Oxygen back pressure  0.70 ± 0.01 Bar 
Oxygen stoichiometry (λ) 3 
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a continuous stream of warm air around the cell even when the gas extractor above 
the cell was running. Furthermore to help maintain cell temperature and electrolyte 
membrane humidity levels the humidifiers (for both the hydrogen and oxygen supply) 
had to run at a bottle temperature of 80°±1°C and arm temperature of 85°±1°C. The 
humidifier units were specifically placed as close to the structural fuel cell as possible 
thus reducing the possibility of condensation being produced in the gas pipelines and 
that being transported into the cell causing flooding (figure 3.7). With the addition of 
the heating gun and high humidification temperatures it was possible to maintain a 
cell temperature of 65°± 1°C.  
 
 
Figure ‎3.7 - Gas humidifiers in close proximity to the structural fuel cell. 
 
Both the oxygen and hydrogen flow rates were set at 0.65 LPM as this was judged to 
be the best flow rate for the time required for the electrochemical reaction to take 
place (too high flow rates and the gases don't have time to react with the electrodes). 
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In addition to this the flow rate ensured that the product water created in the cell was 
flushed through and not allowed to settle and accumulate to cause flooding. 
Although fuel cells can operate at ambient pressure they do perform considerably 
better in a pressured state. Cell performance is increased as the reactant gases are 
forced through the gas diffusion layer and into the porous electrode allowing for the 
three dimensional electrochemical reaction to take place [40][7][41]. For the 
structural fuel cell system the reactant gases are supplied by pressurised tanks in 
the laboratory. The inlet pressure (from the gas tanks) was 1.5 bar, however the 
back pressure within the system was controlled and maintained at 0.70 ± 0.01 bar, 
which is a typical gas pressure for portable fuel cells [39][46][47][48].  
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3.6 Experimental apparatus  
 
The experimental setup for this study is represented in figure 3.8. It is composed of 
the balance of plant which includes; Pressure control valves for gas control from the 
gas cylinders, mass flow controllers (MFC), pressure transducers (PT), hydrogen 
and oxygen humidifiers, temperature controllers for each humidifier, heating 
elements which are attached to the structural fuel cell end plates, and an electrical 
load bank. The mass flow controllers, pressure transducers, and temperature 
controllers have a feedback to the data acquisition and control unit. Mass flow rates 
and temperatures for the humidifiers and heating elements are also controlled from 
the data acquisition and control unit. The pressure control valves are used to control 
inlet gas pressure and system back pressure is controlled by the outlet control panel 
(outlet control panel not shown in figure 3.8). 
Nitrogen is used to purge the system, (to remove contaminates and water produced 
in the anode) and is controlled through the hydrogen mass flow controller and 
pressure transducer. Water produced by both the anode and cathode is collected 
and is used to replenish the humidifiers. The experimental setup is an open loop 
system with all gases exiting the structural fuel cell expelled to the atmosphere. 
A custom steel frame was recycled and modified to provide a stable and rigid base 
for the fuel cell mechanical load assembly. The assembly includes a steel base plate 
which is bolted to the frame and two different steel rig posts (figure 3.9) which are 
bolted to the steel base plate. The posts were designed to allow for the manipulation 
of the structural fuel cells orientation for the application of bending and torsion loads. 
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Figure ‎3.8 - Structural fuel cell experimental setup 
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Figure ‎3.9 - Structural fuel cell mounted on the mechanical loading assembly 
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3.7 Experimental loads 
 
Some of the most significant loads an aircraft structure is subjected to are dynamic 
loads as these types of loads initiate structural fatigue. A key research objective is to 
evaluate MEA performance once it has been subjected to dynamic (fatigue) loads in 
bending and torsion. Therefore an important aspect of experimental load selection 
was to keep the stresses within the cell as low as possible and not to exceed the 
bipolar and end plate yield strengths in order to maximise the number of fatigue 
cycles possible. The experimental loads were derived by the manual application of 
loads and measuring displacement with dial test indicators. The loads and resulting 
displacements were further verified using the digital image correlation (DIC) 
technique.  
3.7.1 Manual application of loads 
 
Initially the experimental loads were derived using the mechanical loading setup 
illustrated in figure 3.10. A specialist loading arm was designed and manufactured to 
be attached to the tip of the structural fuel cell. The load arm was designed to take a 
suspended load and apply it as a bending force along the structural fuel cells neutral 
axis – the cells symmetrical centre line where the MEA sits. Loads where suspended 
from the load arm in incremental steps (Table 3.4) whilst dial test indicators (DTI) 
where used (not pictured in figure 3.8) to measure y directional displacement at each 
bending load step.   
Loads applied 
Pounds (Ib) Kilogram (KG) Newton (N) Tip deflection (mm) 
2.1 0.95 9.33 -0.1 
12.1 5.49 53.79 -0.7 
22.1 10.02 98.24 -1.3 
32.1 14.56 142.69 -2 
42.1 19.10 187.14 -3 
52.1 23.63 231.60 -4 
62.1 28.17 276.05 -5.3 
72.1 32.70 320.50 -6.4 
82.1 37.24 364.95 -7.1 
 
Table ‎3.4 - Loads increased in incremental steps 
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Figure ‎3.10 - Manual application of loads 
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3.7.2 Digital image correlation – Bending 
 
Digital Image Correlation (DIC) was used to provide a validation for Dial Test 
Indicator measurements (DTI) but more importantly it was used to ensure that the 
structural fuel cell was securely clamped with no displacement (sliding of the cell 
components) occurring at the clamping location when bending loads were applied. 
DIC is a non-contact optical technique used to track and measure 2D or 3D changes 
in contours, displacement, strain, and also vibration on most materials. The 
technique can be used for experiments involving tensile testing, torsion, bending and 
a combination of loads for static and dynamic applications. The results obtained can 
easily be compared with finite element and strain gauge experiments [49].  For the 
structural fuel cell two high resolution digital cameras where used to track and 
measure the two dimensional displacement of the cell due to the application of the 
bending loads.     
 
Figure ‎3.11 - Surfaces spray painted for digital image correlation 
 
In order for the DIC high resolution digital cameras to track and measure the 
structural fuel cells displacement the tip of the cell and one complete side (The two 
surfaces to be measured) were spray painted with a black base coat followed by a 
randomly sized and spaced sprinkle white pattern on top (figure 3.11). The DIC 
technique uses the sprinkle pattern to track and measure displacement and strain. It 
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was important to cover the entire surface with the black paint and also for the 
sprinkle to be small in size – large blotches of white paint or areas not covered with 
the black base paint can have a significant impact on the resolution of the results.    
 
 
 
Figure ‎3.12 - DIC image of structural fuel cell under bending loads of zero to 232N 
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Figure ‎3.13 - DIC image of structural fuel cell under bending loads of 276N to 365N 
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Figures 3.12, and 3.13 show the digital image correlation results of the structural fuel 
cell under bending loads: No load (top of figure 3.12) to a maximum load of 365N in 
figure 3.13 – all images show the displacement in Y direction. Note that the no load 
DIC image (figure 3.12) shows the side of the structural fuel cell completely greyed-
out indicating no displacement. Greying is also present at the root of the fuel cell in 
every DIC image in each of the figures, demonstrating that the structural fuel cell is 
securely bolted to the mechanical loading assembly and that only the cell itself is 
displacing along its length. 
As can be expected for each load maximum displacement occurs at the tip of the 
fuel cell where the mechanical load is being applied. Significant displacement begins 
to occur from the application of 187N with a maximum displacement of -3.6mm. 
Mechanical loads of 276N and 320N produce -5 to -5.5mm and -6.5 to -7mm of 
displacement at the tip of the cell, and -7.5 to -8mm of displacement occurs at a load 
of 365N. Furthermore throughout the loading range minimal displacement (0.5mm 
max) occurs near the clamping bolts and gas inlet / outlet reducing the possibility of 
gasket failure and gas leakage whilst the cell is in operation and being mechanically 
loaded. Additionally the structural fuel cell appears to be bending as one rigid body 
as its individual components are not moving independently of each other.  
DIC images were also taken as the mechanical load was incrementally removed 
from the structural fuel cell. Although the load was removed at the rate at which it 
was applied it was noted that the cell did not immediately return back to its original 
positions with 320N producing -7.5mm of displacement as opposed to -7mm. 
However the cell did return back to its zero load position once the entire load had 
been removed, indicating elastic deformation had occurred.  
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3.7.3 Digital image correlation – Tip 
 
Digital image correlation was also used at the tip of the structural fuel cell, where the 
mechanical bending loads were being applied. This allowed for higher resolution 
images to be taken of a smaller surface area permitting the fuel cell tip displacement 
to be measured more accurately. The accuracy of DIC has been found to be within 
0.01-0.05% [55] compared to the DTI at 0.1% [56]. Figures 3.14 and 3.15 show the 
DIC images for the tip of the structural fuel cell with the gradual increase in bending 
loads. The higher resolution images (figure 3.15) show that the displacement at the 
tip of the fuel cell is less then what was initially measured in figures 3.12 and 3.13: -
4mm displacement occurring with 232N load instead of -4.5mm as indicated in figure 
3.12 and -6.45mm displacement occurring with 320N load instead of -7.0mm in 
figure 3.13. Furthermore figure 3.15 indicates the maximum displacement at 
maximum load (365N) at the tip of the cell to be -7.36 as opposed to the -7.6mm 
measurement in figure 3.13 which was due to the higher resolution images possible 
at the tip of the cell.  
  
Figure ‎3.14 - DIC image of fuel cell tip under bending loads of 54N to 98N 
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Figure ‎3.15 - DIC image of fuel cell tip under bending loads of 147N to 365N 
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Figure ‎3.16 - Bending loads against average DIC displacement measurements 
 
Data gathered from the DIC displacement measurements from the tip of the 
structural fuel cell (figures 3.14 and 3.15) were used to plot figure 3.16 which is the 
average displacement of the cell under the range of bending loads. A comparison of 
DTI measurements in table 3.4 and DIC measurements in figure 3.16 shows that 
both measuring techniques used are accurate and on average are within 6% of each 
other.  
Linear interpolation was used to determine the bending loads required to induce the 
following displacements -1mm (82N), -2mm (145N), -3mm (190N), -4mm (235N), -
5mm (272N), -6mm (309N), and -7mm (355N).  The load / displacement data was 
then used with the mechanical loading assembly, its linear actuators, and dial test 
indicators (DTI) to determine and control the amount of bending load being applied 
to the structural fuel cell in order to induce displacements of -1 to -7mm in -1mm 
increments.   
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3.7.4 Digital image correlation – Torsion 
 
Digital image correlation was also used during the application of torsional loads 
inducing 1, 1.6, 2.3, 2.9, 3.4, 4.3, and 5 degrees of twist at the tip of the structural 
fuel cell. The DIC was used to measure deformation and x-plane displacement. The 
fundamental purpose of using digital image correlation for torsion loading was to 
ensure that the individual components of the structural fuel cell (bipolar plates) were 
not deforming or displacing independent of each other and that the complete 
assembly was acting as one rigid body. Figures 3.17 and 3.18 show the structural 
fuel cell deformation and the x-plane displacement for 1.6, 2.3, 3.4, and 5 degrees of 
torsion. 
The mechanical loading assembly was designed to apply the torsional loads along 
the structural fuel cells central axis of symmetry.  Figures 3.17 and 3.18 show that 
this is not the case with minimal deformation (dark blue location) occurring just off 
the cells central axis of symmetry. Hence the fuel cells shear centre (point on the cell 
where shear force can be applied without inducing any torsion) is not located on its 
central axis of symmetry. In addition to this the x-plane displacement from top to 
bottom of the structural fuel cell also varies under torsion, with 1.6 degree producing 
-0.3mm (top-blue) and 0.5mm (bottom- red) – figure 3.17, and  2.3 degree producing 
-0.6mm (top-blue) and 0.8mm (bottom- red) – figure 3.18. However at higher torsion 
loads the shear centre appears to act upon the fuel cells central axis of symmetry 
(figures 3.17 and 3.18) with no variations in the x-plane displacement. It is believed 
that a combination of the accuracy of each actuator at high loads along with 
clamping bolt stiffness (the bolts are fully engaged at higher angles of twist and thus 
minimising non symmetrical movement) are the reasons for the correction in shear 
centre position. 
Significantly the DIC results illustrate that as torsional loads are applied and the cell 
twists it acts as a single rigid body (even though it is an assembly of multiple 
components) with each side of the assembly (anode side and cathode side) 
deforming and displacing the same amount. 
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Figure ‎3.17 - Deformation magnitude and x-plane displacement - 1.6 degree of twist. 
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Figure ‎3.18 - Deformation magnitude and x-plane displacement 
(2.3 to 5 degrees of twist) 
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3.8 Strain measurements 
 
Experimental work was carried out with eight strain gauges attached to the structural 
fuel cell with it mounted to the mechanical loading assembly and bending loads 
being applied to the cell. The strain gauges were oriented to measure strain values 
along the length of the structural fuel cell from root to the tip. Four strain gauges 
were attached to each end plate along the length of the cell with strain gauge SG-A 
being closest to the loading location and strain gauge SG-D being the furthest from it 
(figure 3.19).   
 
Figure ‎3.19 - Strain gauges attached to the structural fuel cell. 
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The structural fuel cell was bolted together with 1Nm of torque on each clamping bolt. 
The cell was then secured to the mechanical loading assembly with 5Nm of torque 
on each of its four assembly bolts creating the cantilever arrangement. The bending 
loads were applied manually in incremental steps from 9.33N up to 364.95N. The 
MEA and gasket were excluded from the assembly.    
It is evident from figure 3.20 that the structural fuel cell exhibits unusual 
characteristics when being subjected to bending loads. The figure allows for a 
comparison to be made between strain measurements whilst load is being applied 
(Increased) and removed (decreased). As expected the values of strain at locations 
SG-B, SG-C, and SG-D are all negative as the bottom end plate in under 
compression during bending. However through the loading and unloading process 
strain values at location SG-A remained positive whilst also increasing and 
decreasing with the application and removal of bending load. Some hysteresis 
occurs at all the locations measured by the strain gauges on both the top and bottom 
end plates during the application and removal of load. The greatest amount of 
hysteresis can be found on the top end plate at strain gauge location SG-A which is 
closest to the loading point. 
It was believed that the clamping bolts were causing the unusual strain results 
therefore the structural fuel cell was reassembled without the clamping bolts. The 
mechanical loading assembly bolts, loading arm, loading arm bolt, and longer 
bushes were used to ensure that the structural fuel cell assembly did not completely 
fall apart. Figure 3.21 shows strain values taken from strain gauges located on the 
top end plate without the clamping bolts. All the values for strain on the top end plate 
were positive (plate surface under tension) and negative on the bottom end plate 
with higher (top end plate) and lower (bottom end plate) strain values  measured at 
locations SG-C and SG-D then at locations SG-B and SG-A.  
 
 
 
 
 
113 
 
3.8.1 Strain comparison with and without clamping bolts 
 
Comparing figure 3.20 (with clamping bolts) against figure 3.21 (without clamping 
bolts) it is evident that there is a clear change in the behaviour of the structural fuel 
cell with the addition of the clamping loads and bolts. Figure 3.20 indicated that the 
tip region of the structural fuel cell at location SG-A (bottom end plate) is actually 
under tension and not compression as locations SG-B, SG-C, and SG-D. The strain 
values for locations SG-C and SG-D in figure 3.21 (without clamping bolts) were 
much closer together (6.0E-04 location SG-D and 6.0E-04 at location SG-C) when 
compared to the same locations in figure 3.20 - location SG-D 6.0E-04 and location 
SG-C 3.0E-04. 
The strain at location SG-B (figure 3.20) is 50% higher (3.0E-04) at maximum load 
than at the same location with the clamping bolts included (1.49E-04). Furthermore 
during almost all the load cases (with the exception of the maximum load case) the 
strain values at location SG-A are higher than at location SG-B in figure 3.20 which 
is not the case in figure 3.21. Furthermore there appears to be a higher degree of 
hysteresis with the clamping bolts included in the assembly than without them.  
To ensure the strain measurements were correct and repeatable the cell was 
disassembled and the strain gauges were removed and replaced with new gauges. 
The structural fuel cell was reassembled and the tests were performed again. In total 
the strain gauge experiments were repeated twice but the results indicated the same 
unusual bending behaviour of the structural fuel cell.   
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Figure ‎3.20 - Strain measurements - top and bottom end plate 
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Figure ‎3.21 - Strain measurements - top end plate and bottom end plate 
(Clamping bolts removed) 
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The strain gauge results provided conclusive evidence that the clamping bolts and 
clamping loads were inducing the unusual bending behaviour within the structural 
fuel cell. It is clear from figures 3.21 that the values for strain at location SG-C and 
SG-D are actually much closer together when the clamping bolts are removed and 
pure bending is allowed to occur. The strain gauge results also appear to show a 
lesser degree of hysteresis without the clamping bolts (figures 3.21) than when the 
clamping bolts were in place (figures 3.20). It is believed that the clamping bolts, 
clamping loads and the horizontal ribs which connect the bolts (figure 3.22) combine 
to create localised stiffening. The strain gauge measurements for locations SG-B, 
SG-C, and SG-D were taken in close proximately to these stiffeners. Furthermore it 
is believed that the unusual behaviour at location SG-A is due to it being in close 
proximately to the tip of the structural fuel cell with its additional material cross 
sectional thickness and close proximity to the clamping bolts (tapered beam) 
resulting in increased stiffness.   
 
Figure ‎3.22 - Clamping bolts, horizontal rib, and strain gauge positons 
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A key objective of the study was for the research to be conducted as close to real 
world application as possible, and in reality the wing structure is subjected to both 
static and dynamic bending, and torsion loads, therefore the mechanical loading 
assembly was designed to apply both static and dynamic bending and torsion loads.  
  
Figure ‎3.23 - Gimson robotics GLA750 screw type actuator 
 
For the application of static and dynamic loads the mechanical loading assembly 
was designed to incorporate two screw type actuators. A single actuator would be 
mounted centrally to apply static and dynamic bending loads (figure 3.26). An 
actuator would also be mounted either side of the structural fuel cell (cell in torsion 
loading position) to apply static and dynamic torsion loads. The GLA750 actuators 
(figure 3.23) were powered by a DC motor (geared) and also came with a 10KΩ 
potentiometer on the output which provided position feedback throughout the 250mm 
stroke length. The maximum force provided by the actuator type was 750N at 3A and 
12V. Although the stroke speed wasn't considered a major factor for actuator 
selection it was important to understand the linear relationship between actuator 
speed and load (as the load increases the actuator speed decreases) and how this 
would impact the number of loading cycles possible per day (dynamic loading 
experiments). Additionally taking into consideration directional change time, actuator 
maximum run time (Manufacturer advised maximum run time of 30 minutes followed 
by a 15 minute cool down period), the maximum number of dynamic loading cycles 
performed for each experiment was limited to 2000.   
 
 
118 
3.9.1 Actuator accuracy 
 
Although the GLA750 actuators provided sufficient load and the potentiometers 
position feedback it became quickly apparent that their accuracy and response time 
could cause significant problems during experimentation. Due to their slow response 
times to the stop and go commands the GLA750 actuators were prone to over 
shooting and therefore apply more load then desired – which could cause damage to 
the structural fuel cell. 
 
 
Figure ‎3.24 - Experimental setup for actuator accuracy measurements 
 
In order to get better control of the actuator stroke length, and therefore the load 
being applied, the above experiment (figure 3.24) was setup. A GLA750 actuator 
was securely clamped to a work bench (ensuring it did not move) with a digital 
calliper attached to it. The input voltage to the actuator was modulated in relation to 
time and the stroke displacement measured accordingly. Voltage pulses ranges from 
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700 milliseconds to 100 milliseconds were tested with full extension (+250mm) and 
contraction (back to zero position) of the actuator. As expected at higher voltage 
pulses greater actuator extension and contraction occurred with the opposite effect 
at lower voltage pulses. Critically the experiment showed that at low pulse durations 
(≥150 millisecond) the actuators accuracy of stroke length varied along the 250mm 
stroke range. It was found that the actuators were most accurate (consistent stroke 
displacement) between the stroke lengths of 50 to 120mm.  
 
 
Figure ‎3.25 - Actuator tested with structural fuel cell attached 
 
It was understood that the actuator could perform differently when having to apply a 
load to the structural fuel cell. Therefore the same work bench test was conducted 
with the actuator mounted in the mechanical loading assembly and connected to the 
structural fuel cell (figure 3.25). A dial test indicator was used to measure 
displacement in increments of 0.01mm. The following loads were used: 82N (-1mm), 
145N (-2mm), 190N (-3mm), 235N (-4mm), 272N (-5mm), 309N (-6mm), and 355N (-
7mm). It was found that the actuators accuracy at low pulse voltages (≥150 
millisecond) still varied along its stroke length. The variation was found to be ± 
0.4mm from 0-50mm stroke length, ±0.6mm between 120-250mm stroke length, and 
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±0.2mm between 50 and 120mm stroke length. Therefore the actuators were 
mounted in the mechanical loading assembly such that all loading (when attached to 
the structural fuel cell) and stroke displacement occurred within 80-100mm stroke 
length. Furthermore the entire setup was rotated 90° in order to prevent flooding 
within the cell whilst bending loads are being applied (figure 3.26).  
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Figure ‎3.26 - Experimental setup for torsion loads and bending loads 
(A LabVIEW script was written to generate the required pulse voltage which was run 
on the computer) 
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3.10 MEA activation 
 
The initial step in the experimental setup involved activating the MEA assembly. As 
part of this process each MEA was immersed in deionised water over night (MEA 
hydration). Each MEA was then assembled in the structural fuel cell with bipolar 
plates, gasket and end plates. The assembly pressure (clamping load on each bolt) 
was experimentally derived to be sufficiently tight enough to prevent gas leakage 
without visibly damaging the MEA. The assembled structural fuel cell was then 
connected to the experimental setup shown in figure 3.8. The fuel cell was run at a 
constant voltage of 0.6V (The electronic load bank current was allowed to fluctuate in 
order to maintain a cell voltage of 0.6V) and under steady state gas flow conditions 
(Table 3.5) at a cell temperature of 65° ± 1°C for four hours. The thermal 
management system was used to achieve and maintain this temperature. This was 
followed by 25 rapid polarisation curves with three seconds per current step. 
Throughout the process the cell temperature was maintained at 65° ± 1°C. The 
maximum current drawn from the MEA for each of the 25 polarisation curves would 
gradually increase from 2 Amps to 16 Amps (depending on cell performance) with 
some polarisation curves repeated. The step size in polarisation curve ‘n’ would be 
based on the current density achieved in polarisation curve ‘n-1’. Once the above 
process was complete and the polarisation curves where consistent the MEA was 
considered activated.  
The MEA’s where manufactured in four batches. The activation process mentioned 
above was used to activate each MEA in all the batches. However it was a 
significant challenge to manufacture and activate the MEA’s consistently, with the 
first two batches performing extremely poorly during the activation process.  
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3.10.1 Initial MEA polarisations 
 
Table 3.5 below shows the operating parameters used during the activation process 
for MEA1-B1, MEA3-B3, MEA4-B2, and MEA6-B2. The polarisation curves for each 
of the MEAs are presented in figures 3.27 to 3.30. During the activation process 
multiple polarisations are produced which are represented by the letter “P” followed 
by the polarisation number in all of the figures mentioned above.  
 
 
Operating parameters for initial MEA activation 
polarisations 
    
MEA1-B1, MEA3-B2, MEA4-B2, MEA6-B2 
    
Operating temperature 65°± 1° 
Humidifier bottle temp 85°± 1° 
Humidifier Arm temp 80°± 1° 
    
Hydrogen back pressure 0.70 ± 0.01 Bar 
Hydrogen flow rate 0.65 LPM 
Hydrogen stoichiometry (λ) 10+ 
    
Oxygen flow rate 0.65 LPM 
Oxygen back pressure  0.70 ± 0.01 Bar 
Oxygen stoichiometry (λ) 3 
    
Clamping bolt torque 1.5 Nm 
Mechanical loading assembly 
bolt torque 
5 Nm 
  
Gasket thickness 1 mm 
 
Table ‎3.5 - Operating parameters 
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Figure ‎3.27 - Five activation curves for MEA1-B1 (Batch 1) 
 
The first MEA produced in the first batch demonstrated poor performance during the 
activation process with peak power being only 1.4 watts at 6 Amp (figure 3.27). Peak 
power was produced at approximately 4 Amp with cell performance dropping off 
quickly thereafter. This was in contrast to the initial batch of six MEA’s produced with 
the help of colleagues at the University of Birmingham which demonstrated peak 
power around 7 to 8 watts at 15 to 16 Amps. Although the polarisations curves for 
MEA1-B1 are relatively consistent the cell performance was deemed inadequate. 
The structural fuel cells performance is expected to drop during experimentation 
(Application of both static and dynamic mechanical load) and therefore initially the 
cell must be performing to an adequate level in order to ensure that the expected 
drops in performance are clearly evident.    
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Figure ‎3.28 - Activation curves for MEA3-B2 (Batch 2) 
 
The activation performance for MEA3-B2 (figure 3.28) was considerably more erratic 
than that of MEA1-B2 with inconsistent polarisation curves. During the activation 
process as the MEA is conditioned each polarisation curve is expected to perform 
better than the previous. Although a number of the polarisation curves met this 
expectation with P5 (polarisation curve 5) performing better than P4 (polarisation 
curve 4) overall as the number of polarisation curves increased their performance 
dropped – polarisation curve ten (P10) performed worse than polarisation curve eight 
and nine (P8 and P9). It was apparent during polarisation curve ten (P10) that some 
flooding had occurred in the system with a sudden drop in voltage and power at 0.8A. 
Furthermore the MEA could only sustain an electrical load of 1 Amp whilst producing 
a total maximum power of just under 0.3 watts. The activation performance of MEA3-
B2 was extremely poor and deteriorated further with every additional polarisation 
curve produced. Even after fifty polarisation curves the cell performance continued to 
drop and the MEA was never considered activated.  
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Figure ‎3.29 - Activation curves for MEA4-B2 
Following on from the results obtained from the activation of the initial MEA’s in 
batch one and two a different approach was taken for MEA4-B2 in the hope that this 
would help increase the performance of the cell. A set of ten polarisation curves 
where run under four different electrical loading conditions 1 Amp, 1.4Amp, 1.6Amp, 
and 1.8Amp. Although these loads where much lower then what was expected from 
the cell (up to 16Amps) it was believed that a gradual increase in electrical load 
would encourage an increase in the electrochemical reaction taking place within the 
cell, leading to a steady increase in performance. Figure 3.29 shows the first and last 
polarisation curves performed during each current setting -  P1 and P2 at 1Amp, P3 
and P4 at 1.4Amp, P5 and P6 at 1.6Amp, P7 and P8 at 1.8Amp. While the 
performance of the cell did increase along with the increase in current the rate of 
increase was inadequate with peak power increasing only 15% from 0.35 watt to 
0.41 watts. More than 60 polarisation curves were run (each with a gradual increase 
in electrical load) however the MEA failed to perform any better than illustrated in the 
above figure. 
 
127 
 
Figure ‎3.30 - A selection of activation polarisation curves for MEA6-B2 
 
The activation polarisation curves for MEA6-B2 demonstrate what is expected during 
the MEA conditioning process with each curve performing better than the previous 
(Three activation polarisation curves P1, P7, and P10 are shown in figure 3.30 in 
order to illustrate the point). However the overall performance of the cell was still 
extremely poor with peak power being only 0.7 watts at just under 2 Amp. 
Furthermore the performance increase between each polarisation curve was minimal 
with the difference in peak power between polarisation curve one and ten being only 
0.1 watts. During the activation of the initial six successful MEA’s (University of 
Birmingham manufactured MEA’s) peak power increases in the region of 1 watt 
between each curve were observed, with polarisation curves converging towards the 
cells expected polarisation performance as the conditioning process neared 
completion.  
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It was also observed that during the activation process for MEA3-B2 and MEA4-B2 
sudden drops in cell voltage would occur almost immediately on the application of 
electrical load (current). The voltage would continue to significantly fall away with the 
increase in load. This type of behaviour was a strong indicator of high Ohmic 
resistance within the cell [50][51][52].    
 
3.10.2 Investigation 
 
Unfortunately the performance of all twenty MEA’s tested from batches one and two 
(ten in each batch) were extremely poor and well below what was expected from an 
MEA which has an active area of 25cm2 and a platinum loading of 0.5mg/cm2 (on 
each electrode). The MEA’s were considered unsuitable for experimental usage. As 
each MEA was manually manufactured (GDE and electrolyte membrane cut using a 
scalpel, Isopropanol / Nafion solution mixed and manually applied to each GDE, 
each component was then manually assembled and hot pressed) human error within 
the manufacturing process could have been a major factor associated with the poor 
performance of the cell. In addition to this a number of other factors including cell 
assembly, gas contamination (from the humidifiers), operating parameters 
(temperature, gas humidification level, gas pressure, assembly clamping pressure), 
and poor substrate material (highly unlikely) could have also contributed to the poor 
performing MEA’s. Each potential contributing factor especially the MEA 
manufacturing process was systematically investigated.  
 
3.10.3 Experimental apparatus 
 
The humidifiers were partly disassembled and flushed through with deionised water; 
heating elements within the humidifiers were also checked. The main heating 
element within the oxygen humidifier was found to be faulty (not reaching 
temperature) and was subsequently changed. All other components of the 
experimental apparatus including mass flow controllers, pressure transducers, and 
control units were checked and found to be calibrated and working correctly. 
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3.10.4 MEA manufacturing procedure 
 
Following a detailed investigation into the MEA manufacturing process it was 
concluded with a high degree of likelihood that the IPA / Nafion solution mixture and 
the hot pressing equipment were major contributors to the poor performing MEA’s. 
The IPA / Nafion solution mixture performs two key roles whilst being hot pressed it 
acts as an adhesive layer between the GDE and the electrolyte membrane, bonding 
both GDEs (anode and cathode) to each side of the electrolyte membrane. The most 
important role for the IPA / Nafion mixture is to facilitate mass transfer diffusion flows 
(Ion diffusion) from the catalyst backing layer through to the electrolyte membrane as 
shown in figure 3.31. During the MEA manufacturing process the IPA/Nafion solution 
for each MEA was mixed for 15 minutes in an ultrasound bath, however upon the 
application of this solution (manually painting the solution onto the backing layer of 
each GDE) it was noticed that the solution appeared to dry up, flake and cause 
blotches on the surface, which indicated that the solution had not mixed properly. In 
order to resolve the situation at the time, additional IPA solution was painted onto the 
surface diluting the Nafion concentrations and reducing the number of blotches and 
flaky surface texture. However it is strongly believed that this did not resolve the 
problem and that the non-mixing of IPA/Nafion solution resulted in areas on the MEA 
surface with high concentrations of Nafion and areas where there was almost no 
Nafion present. This scenario would have had a considerable impact on MEA 
performance; for areas where Nafion was present ion diffusion would have occurred 
as normal however where little or no Nafion was present ion diffusion would have 
been prohibited, effectively reducing the electrochemical surface area and thus 
reducing cell performance. Consequently a test was run to determine the minimum 
time required for the IPA/Nafion to mix properly in the ultrasound bath (a range of 
times between 20 to 50 minutes were tested). The mixtures were applied to a GDE 
surface and visually examined for blotches and flakiness. It was determined that the 
minimum time required (in the ultrasound bath) to produce a mixture which created a 
smooth surface texture (without blotching and flaking) on the GDE was thirty minutes. 
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3.10.5 Hot pressing 
 
Following the application of the IPA/Nafion solution the three MEA components 
(anode GDE, cathode GDE, Electrolyte membrane) were then hot pressed (please 
see the MEA manufacturing process Chapter 2) at 1.8 bar (0.18 N/mm2). However 
after further investigation it was concluded that the hot press was faulty (Calibration 
problem) and applying a pressure which was ten times (18 bar [1.8 N/mm2]) that of 
what was selected. The subsequent increase in pressure significantly compressed 
and damaged the brittle anode and cathode GDL’s and possibly the catalyst layers. 
As shown in figure 3.31 convective mass transfer of reactants occurs through the 
gas flow channels and GDL. By the application of excessive pressure from the hot 
press the micro-pours structures within the GDL would have been crushed 
preventing the passage of reactants from the GDL to the catalyst layer, thereby 
reducing the three dimensional electrochemical surface area. 
 
Figure ‎3.31 - Breakdown of MEA layers - convective and diffusive mass transfer 
 
 
131 
 
Figure ‎3.32 - Damage to MEA’s from batches one and two post hot pressing 
(Correlation of images) 
It was possible to view the damage to some of the MEA’s post the application of the 
hot pressing. Figure 3.32 illustrates the damage to the GDL of MEA’s from batches 
one and two post hot pressing. It would be logical to conclude that the excessive hot 
press pressure had caused further damage to each MEA which is not visible to the 
naked eye and that this damage had significantly affected each MEA’s performance. 
Subsequently the hot press was recalibrated, tested and found to be applying 
pressure accurately. 
 
132 
3.10.6 Interfacial contact resistance 
 
MEA T1 was manufactured (with the correctly mixed IPA/Nafion solution and correct 
application of hot press pressure) and tested. The performance of MEA T1 was 
better than those manufactured in the first and second batch, with a maximum power 
output of 3 watts at 8 Amp. However the voltage drop phenomenon observed for 
most of the MEA’s in batches one and two also occurred during testing of the MEA 
T1.  
 
Figure ‎3.33 - Bolting sequence for the structural fuel cell 
The structural fuel cell was designed to ensure that the MEA and gasket does not 
move whilst being assembled. Figure 3.33 shows the bolting sequence for the 
clamping bolts, this sequence was employed in order to get an even pressure 
distribution over the MEA surface. Fuji prescale pressure sensitive film was used to 
help develop the bolting arrangement. A number of different bolting sequences were 
tested. For each sequence the two part pressure sensitive film was placed between 
the bipolar plates in the fuel cell assembly. Each bolt was tightened in increments of 
0.5N/m up to 1.5N/m of torque. The clamping torque of 1.5N/m per bolt was 
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experimentally derived to be the point at which the structural fuel cell with a 1mm 
thick gasket was sealed gas tight. The pressure sensitive film for each sequence 
was then examined and compared to one another. It was found that the above 
bolting sequence produced the most even distribution of colour (for the Fuji prescale 
film pressure is represented with a change in colour) across the entire film surface, 
therefore an even pressure distribution over MEA surface area.  
Fuel cell design and assembly can significantly affect its performance. The cell 
assembly affects the interfacial contact behaviour between the bipolar plates, gas 
diffusion layer, and the membrane electrode assembly (MEA). If adequate assembly 
pressure is not applied, reactant gas leakage could occur potentially resulting in cell 
malfunction or complete failure. Excessive pressure can damage the MEA layers 
resulting in broken porous structures and narrowing down or blocking of the reactant 
path for mass transfer from the gas channels to the catalyst layers. Furthermore the 
GDL thickness reduces (affecting porosity and permeability) and the reactants are 
harder to penetrate into the GDL specifically in GDL regions under the lands, which 
leads to severe non-uniform distribution of reactant over the whole electrode [51]. 
Uneven distribution of pressure can result in hot spots which could be detrimental to 
the stack performance and life. Additionally non-uniform pressure distribution can 
contribute to delamination between the gas diffusion layer and gas flow channels 
[53]. Even pressure distribution will ensure that the electrodes micro-porous structure 
and the brittle mechanical properties of the gas diffusion are maintained and that no 
blockages occur [54].  
Low clamping pressures result in high interfacial contact resistance between the 
bipolar plates and gas diffusion layer which in turn reduces the electrochemical 
performance of the cell. High interfacial contact resistance has a direct impact on 
Ohmic resistance (polarisation) and mass transfer polarisations. High electrical 
resistance results in cell voltage losses similar to that observed with the MEA’s 
tested so far, indicating that the fuel cell assembly pressure is below what is required 
for optimum cell performance. The structural fuel cell was subsequently reassembled 
with a new MEA (Manufactured with the correct mixing of IPA/Nafion solution and 
accurate hot press pressure being used) and a series of new polarisation tests were 
run with bolt clamping torques starting at 1.5N/m up to 4N/m (increments of 0.5N/m). 
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Along with the increased clamping torques, gaskets ranging between 0.3mm and 
1mm thick were also tested.       
 
 
Figure ‎3.34 - Polarisation curve for MEA T1 
After working thorough multiple cell configurations (Changing bolt loads and gasket 
thicknesses) the best polarisation results were obtained by the application of 4N/m of 
torque per bolt whilst using a 0.7mm thick gasket. The polarisation curve for the MEA 
T1 with the above configuration is shown in figure 3.34. The cell demonstrated 
considerable improvement in performance with an open circuit voltage (OCV) of 
0.95V, and a maximum power of 8.5 watts achieved at 15.5 Amps. Unlike the 
previous tests the new MEA with the above fuel cell assembly configuration did not 
show any sudden drop off in voltage and consistently maintained a cell voltage 
above 0.5 volts even whilst the current was steadily increased. Multiple polarisation 
curves were run and the new MEA performed consistently to the above standard.  
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3.10.7 Performance benchmark comparison 
 
As discussed previously a 25 cm2 pragma fuel cell was used to calculate the 
baseline operating conditions for the structural fuel cell. Due to the similarities 
between the pragma and the structural fuel cells it was also possible to use the 
pragma fuel cell to performance benchmark against.  
 
 
 
Figure ‎3.35 - Polarisation curves for the 25cm2 Pragma and Structural fuel cells 
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The above figure 3.35 illustrates a performance comparison between the 
commercially manufactured Clearpak pragma fuel cell and the structural fuel cell with 
MEA T1 (clamping configuration of 4N/m of torque per bolt whilst using a 0.7mm 
thick gasket). The structural fuel cell exceeds the performance of the pragma fuel 
cell with a maximum power of 8.5 watts at 15.5 Amps compared to 6 watts at 13 
Amps for the pragma cell, which equates to a 30% improvement in performance. 
Furthermore MEA-T1 maintains cell voltage above 0.55V throughout its polarisation 
curves whereas the pragma cells voltage drops of significantly from 0.9 OCV to 0.3V. 
It is believed that the key contributing factor to the better performance of the 
structural fuel cell is its increased platinum loading. The Pragma fuel cell had a 
platinum loading of 0.3mg/cm2 on the anode and 0.6mg/cm2 on the cathode. Total 
platinum loading on the pragma fuel cell was 0.9mg/cm2 (anode plus cathode) as 
opposed to the total platinum loading on the structural fuel cell of 1mg/cm2 (anode 
0.5mg/cm2 and 0.5mg/cm2 cathode). In general the increased cell performance 
(when compared to previous MEA’s – figures 3.27 to 3.30) would allow for 
performance variations due to the application of load be easily detected and 
quantified.  
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3.10.8 MEA- Quality and repeatability  
 
As discussed a number of factors directly related to the MEA manufacturing process 
where key contributors to the manufacture of poor performing MEA’s. In order to 
improve the quality, repeatability, and reliability of the manufacturing process the 
following procedure were put into place:  
 
 All equipment associated with MEA manufacturing (including hot press) were 
relocated to the same laboratory room – minimising the movement of MEA 
components between rooms and the possibility of the misalignment issues 
highlighted in Chapter 2.  
 All components associated with MEA’s from batches three and four were cut 
using a specially manufactured metallic template which ensured that each 
GDE (anode and cathode) and membrane for each MEA had matching 
geometries.  
 The hot press was regularly inspected for accuracy and recalibrated before 
the manufacture of each MEA batch.  
 The IPA/Nafion mixture was allowed to mix in the ultrasound both for a 
minimum of thirty minutes. Each time a quantity of IPA/Nafion solution was 
mixed the solution was first applied to sample GDE material and monitored for 
blotching and flaking. Once it was confirmed that the solution was mixed 
properly (no blotching or flaking on sample surface) it was then used for the 
manufacture of the MEA’s.  
 An MEA acceptance criterion was set where any MEA which did not produce 
consistent polarisation curves and did not repeatedly achieved a minimum of 
5.5 watts peak power and OCV of 0.9V during the activation process it would 
not be considered for further experimentation.   
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3.10.9 Conclusion of investigation 
 
There were many factors which affected the performance of the first two batches of 
MEA’s including a faulty humidifier unit and the poor mixing of IPA/Nafion solution 
during the manual manufacturing of each MEA. However the most significant 
contributors to poor MEA performance was excessive hot press pressure resulting in 
damage to the gas diffusion layers (GDL) of each MEA, and in adequate clamping 
pressure which subsequently led to high interfacial contact resistance within the cell.    
All MEAs manufactured in batches three and four were done so using correctly 
mixed IPA/Nafion solution (30 minutes in the ultrasound bath) and accurate hot 
press pressure being applied. To minimise interfacial contact resistance within the 
structural fuel cell the assembly configuration for all future experiments was the 
application of 4N/m of torque per bolt whilst using a 0.7mm thick gasket. 
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3.11 Experimental results 
3.11.1 Experimental procedure 
 
Each set of experiments used a new MEA thus ensuring any drops in cell 
performance, temporary or otherwise were only due to the loads applied to the 
structural fuel cell during that particular experiment and not due to a previously used 
or damaged MEA. For the static bending and static torsional loading experiments the 
fuel cell was held at 0.6V (steady state) as the degree of deflection or rotation was 
changed. Immediately after the change in displacement the desired performance 
polarisation curves were produced. Similarly during the dynamic loading experiments 
the fuel cell was constantly held at steady states condition (0.6V) upon completion of 
the mechanical loading cycle the cell voltage was allowed to return to open circuit 
(OCV). The cell was then immediately electrically loaded and the desired polarisation 
curves were produced.   
For all the experiments the structural fuel cell was clamped together with 4Nm of 
torque on each clamping bolt and it was then bolted into the mechanical loading 
assembly with 5Nm of torque on each assembly bolt. As discussed in Chapter two 
for bending loads the complete experimental setup was rotated 90° on its side and 
the bending loads were applied via an electromechanical screw jack actuator. For 
torsional loading two screw jack actuators were used in a push pull configuration. 
The actuators were connected by a loading beam which passed through the 
structural fuel cell mechanical loading hole. Voltage pulses were used to induce the 
desired displacements (table 3.6). Displacement control was used, therefore any 
fretting fatigue of the MEA would be due to relative displacement between the top 
and bottom half of the fuel cell, with clamping force constant. Dial test indicators 
were also used to measure and verify the right amount of displacement had occurred. 
For static bending and static torsion loads, small individual pulses were used to 
achieve the desired incremental displacement. Dynamic cycles were achieved 
through larger singular pulses (figure 3.36). 
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The following experiments were performed on the structural fuel cell:  
 
Table ‎3.6 - Bending and torsional displacements 
(Table includes the approximate equivalent loads used during static and dynamic 
bending and torsion experiments) 
 
Figure ‎3.36 - Actuator control - static and dynamic bending loads 
Repetition Repetition
± 1 82 1
± 2 145 1.6
± 3 190 2.3
± 4 235 2.9
± 5 272 3.4
± 6 309 4.3
± 7 355 5
Dynamic bending 
(mm)
Approximately equivalent to a static 
load (N) Cycles
Dynamic torsion 
(degrees) Cycles
0 to ± 3 190 2000 3.4 2000
0 to ± 5 272 2000 5 2000
0 to ± 7 355 2000
Due to a lack of MEA's the dynamic bending and dynamic torsion experiments were not repeated
Static experiments
Dynamic experiments
Single cycle    
0 to 5° 
repeated 5x 
with five 
different 
MEA's
Single cycle    
0 to ± 7 
repeated 5x 
with five 
different 
MEA's
Static bending (mm)
Static torsion 
(degrees)
Approximately equivalent to a static 
load (N)
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Table 3.7 below gives the operating parameters for all static and dynamic 
experiments performed. Key parameters to note are the use of a 0.7mm thick gasket 
and the application of 4 Nm of torque per clamping bolt. Furthermore both static and 
dynamic torsion and bending experiments were repeated five times with five different 
MEA’s. The results presented for these experiments are an average of the five 
repeats.  
For static bending (both cathode compression and anode compression) and static 
torsion the maximum and minimum deviation from the average polarisation curves 
for each load can be found in the appendix.   
   
Experiment  MEA 
Operating parameters for static and 
dynamic bending and torsion experiments 
  
   
  
Static torsion repeat 1 MEA1-B4 Results 
presented are 
an average of 
the five 
experiments 
 
  
Static torsion repeat 2 MEA5-B4 Operating temperature 65°± 1° 
Static torsion repeat 3 MEA6-B4 Humidifier bottle temp 85°± 1° 
Static torsion repeat 4 MEA7-B4 Humidifier Arm temp 80°± 1° 
Static torsion repeat 5 MEA8-B4 
 
  
  
   
  
Static bending repeat 1 MEA1-B3 Results 
presented are 
an average of 
the five 
experiments 
Hydrogen back pressure 0.70 ± 0.01 Bar 
Static bending repeat 2 MEA2-B3 Hydrogen flow rate 0.65 LPM 
Static bending repeat 3 MEA3-B3 Hydrogen stoichiometry (λ) 10+ 
Static bending repeat 4 MEA4-B3 
 
  
Static bending repeat 5 MEA5-B3 Oxygen flow rate 0.65 LPM 
  
  
Oxygen back pressure  0.70 ± 0.01 Bar 
Dynamic bending 3mm MEA3-B4   Oxygen stoichiometry (λ) 3 
Dynamic bending 7mm MEA6-B3   
 
  
Dynamic bending 5mm MEA7-B3   Clamping bolt torque 4 Nm 
  
  
Mechanical loading 
assembly bolt torque 
5 Nm 
Dynamic torsion 3.4º MEA2-B4   
Dynamic torsion 5º MEA4-B4   Gasket thickness 0.7 mm 
 
Table ‎3.7 - Details of each experiment performed 
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3.11.2 Static bending – Cathode compression 
 
The first experiment conducted was a single static bending cycle. Zero to 7mm 
deflection put the cathode under compression and anode under tension. Negative 
deflection (zero to -7mm) put the cathode under tension and anode under 
compression (figure 3.36). The experiment was specifically designed to determine 
whether there would be a change in the structural fuel cells performance due to the 
compression or tension of the anode or cathode. The static bending experiments 
were carried out five times with a new MEA for each experiment. The results 
presented are an average of the five polarisation curves from each of the five 
repetitions.  
 
Figure ‎3.37 - Peak power against deflection 
The polarisation curves for the static bending experiments did not show any 
significant change in the structural fuel cells performance during the application of 
bending load. A closer look at peak power (figure 3.37) shows that some change in 
performance had occurred. With 1mm of deflection the structural fuel cell peak 
power dropped from 5.5 watts to 5.3 watts a drop of 3%. The sudden drop in 
performance could be put down to the change in flow field geometry (due to the 
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bending load) with the reactant gases struggling to reach the MEA for the 
electrochemical reaction to take place. Additionally as the cathode is compressed 
the micro-pores structures within the GDL (Gas diffusion layer) would have been 
compressed preventing the passage of reactants from the GDL to the catalyst layer, 
thereby reducing the three dimensional electrochemical surface area. As the induced 
deflection increases the structural fuel cell begins to recover peak power 
performance with a gradual increase of 1.2% from 1mm to 6mm of deflection. 
However the fuel cell does not completely recover its peak power performance of 5.5 
watts.     
 
Figure ‎3.38 - Static bending from 6mm back to zero deflection. 
 
Polarisation performance curves were also produced with the deflection of the 
structural fuel cell being reduced from 7mm back to zero with no load being applied. 
It is clearly evident from figure 3.37 that the fuel cell performance varies as the 
bending load is reduced and cell deflection steadily decreases. During the reduction 
of loads the compression in the cathode and the tension in the anode are 
progressively reduced.  Although the load was being reduced the peak power 
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performance of the cell (figure 3.39) continued to fall. The peak power dropped from 
5.4 watts at 6mm deflection to 5.3 watts at 2mm of deflection - 2% reduction in peak 
power. The cell did make some recovery with peak power increasing between 2mm 
deflection and the complete removal of bending load (5.32 watts to 5.38 watts). 
However overall, the structural fuel cell did not return to its original peak power 
performance of 5.5 watts which was prior to the application of any bending loads. 
 
 
Figure ‎3.39 - Peak power against deflection and peak power against bending load 
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3.11.3 Static bending – Anode compression 
 
The second half of the static bending cycle helped determine whether there would be 
a change in the structural fuel cells performance due to compression of the anode 
and tension of the cathode. Bending loads were used to induce a negative deflection 
of up to -7mm putting the cathode under tension and anode under compression. 
 
Figure ‎3.40 - Polarisation curves for static bending -1mm to -7mm deflection 
 
The above figure 3.40 illustrates the performance of the structural fuel cell when the 
anode is under compression and cathode is under tension. It is clearly evident from 
the polarisation curves that as the bending load increases the cell performance 
decreases.  Figure 3.41 gives a more detailed illustration of the structural fuel cells 
peak power performance against the increase in deflection and bending loads. The 
general performance trend is a decrease of peak power from 5.36 watts at -1mm 
deflection to 5.22 watts at -7mm deflection – which equates to a 2.7% reduction in 
peak power.  
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Figure ‎3.41 - Peak power against deflection 
 
Figure ‎3.42 - Peak power against deflection 
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Figure 3.42 gives a detailed illustration of the fuel cells peak power performance 
against the decrease in deflection. The cell had recovered some peak power from 
5.22 watts at -7mm deflection to 5.31 watts at -6mm deflection. As the bending load 
has been reduced (anode compression and cathode tension reduced) the structural 
fuel cells peak power performance has remained consistently around 5.31 watts 
(The vertex and trough at -1mm and -5mm only relate to a change in peak power of 
approximately 0.5% and are therefore negligible). The consistency in peak power is 
in contrast to the cathode compression stage of the cycle where the cell peak power 
performance continued to drop (at a rate of 0.03 watts/mm) as the bending load was 
reduced from 309N to 145N (figure 3.39).    
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3.11.4 Static torsion 
 
The final static experiment conducted involved mechanically loading the structural 
fuel cell under a single static torsional cycle. The torsion loads induced 1°, 1.6°, 2.3°, 
2.9°, 3.4°, 4.3°, and 5° of twist at the structural fuel cell tip. As with the static bending 
experiment the static torsion experiment was carried out five times with a new MEA 
for each experiment. The results presented are an average of the five polarisation 
curves from each of the five repetitions. 
 
Figure ‎3.43 - Polarisation curves for static torsion 0° to 5° 
The above figure 3.43 helps illustrate the performance of the structural fuel cell 
under the range of torsional loading conditions. The polarisation curves clearly show 
that the different loading conditions have a direct impact on the fuel cells 
performance. The performance of the cell improves when subjected to 1.6° of torsion, 
however as the torsional load is increased inducing 2.3° and then 5° of twist the 
performance of the structural fuel cell depreciates.  
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Figure ‎3.44 - Peak power against torsion 
 
Figure 3.44 shows the somewhat unpredictable behaviour of the structural fuel cell 
when under torsional loads. The cells peak power increases by 1.4% from 1° of 
torsional load to 1.6° of torsional load. However once torsional loads are increased 
further the performance of the fuel cell progressively declines from 6.34 watts peak 
power at 1.6° to 6.14 watts of peak power at 4.3°- a fall of 3.1% . The cell did not 
recover from this drop in peak power performance.    
A single MEA was then subjected to the range of torsional loads over four rounds. At 
the end of each round (zero load) a polarisation curve was produced. Figure 3.45 
shows the structural fuel cells performance after multiple rounds of torsional loading. 
The results show that after two rounds of loading the cells peak power performance 
marginally improves by approximately 1%. However as the number of rounds 
increase the structural fuel cells performance begins to decline with a 4% drop in 
peak power from round two to round five. It was clear that increasing the number of 
cycles (rounds) had a direct impact on the structural fuel cells performance.  
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Figure ‎3.45 - Cell performance after multiple rounds of torsional loading 
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3.11.5 Dynamic bending – 3mm deflection 
 
The first set of dynamic bending experiments involved MEA3-B4 which had an open 
circuit voltage (OCV) of 0.91V and a peak power of 6.7 watts. A 3mm bending 
deflection was induced on the structural fuel cell over 2000 cycles. 
 
 
Figure ‎3.46 - Peak power 0 to 100 cycles 
 
The above figure 3.46 shows the peak power performance of the structural fuel cell 
during dynamic cycles 0 to 100. Clearly evident is that the peak power performance 
of the structural fuel cell reaches a plateau from 30 cycles where there is no 
significant change in performance until the 80th bending cycle is complete. The peak 
power drops 3% from 6.9 watts to 6.7 watts. The plateau can be attributed to the 
MEA’s ability to resist fatigue degradation. There was no significant change the 
structural fuel cells performance from 100 to 250 cycles. 
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Figure ‎3.47 - Polarisation curves for 500 to 1000 cycles 
 
Figure ‎3.48 - Peak power performance from 250 to 1000 cycles 
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Dynamic bending cycles 500 to 1000 were conducted in groups of 100 cycles. Figure 
3.47 shows the polarisation curves for cycles 500, 600, 700, up to 1000 cycles. The 
polarisation curves show a distinct drop in the structural fuel cells performance 
between polarisations at 900 cycles and at the 1000th cycle. The polarisations 
indicate that some fretting fatigue damage may have occurred to the MEA during the 
100 bending cycles between the 900th and 1000th polarisation curve.   
Figure 3.48 shows the peak power performance of the structural fuel cell from 250 to 
1000 cycles. The peak power performance of the cell can be categorised into three 
phases. Phase one being a steady drop in power of 3% from 6.8 watts to 6.6 watts at 
400 cycles.  During phase two which is between 400 and 900 cycles the structural 
fuel cell maintains an average peak power of approximately 6.6 watts. Phase three is 
from 900 cycles to 1000 cycles where there is a sudden peak power drop of 
approximately 3% from 6.6 watts to 6.4 watts.    
Cycles from 1100 to 2000 were also conducted in groups of 100 cycles with 
polarisation curves produced at each 100th cycle. Figure 3.49 illustrates the 
structural fuel cells performance from cycles 1100 to 2000. Throughout this period 
the only significant drop in polarisation performance is seen between bending cycles 
1400 and 1500 with a reduction in polarisation voltage and power when compared to 
cycles 1100 to 1400. The structural fuel cell appeared to be performing steadily 
between polarisation 1600 and 1900 followed by a drop in performance from 1900 to 
2000 cycles. 
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Figure ‎3.49 - Polarisation curves for 1100 to 2000 cycles 
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Figure ‎3.50 - Peak power performance from 1100 to 2000 cycles 
 
The above figure 3.50 shows the peak power performance of the structural fuel cell 
from cycles 1100 to 2000. With the exception of cycles 1400 to 1500 where there is 
a sudden fall in peak power from 6.3 watts to 6.2 watts the remaining cycle’s 
produce a steady and gradual decline in peak power as the number of cycles 
increase. The overall decline in peak power from 1100 cycles at 6.4 watts to 2000 
cycles at 6 watts is 7%.  
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3.11.6 Dynamic bending – 5mm deflection 
 
The second set of dynamic bending experiments involved MEA7-B3 which had an 
open circuit voltage (OCV) of 0.90V and a peak power of 6.3 watts. A 5mm bending 
deflection was induced on the structural fuel cell over 2000 cycles. 
 
 
Figure ‎3.51 - Peak power performance from 125 to 400 cycles 
 
The above figure 3.51 illustrates the peak power performance of the structural fuel 
cell from cycles 125 through to the 400th cycle. The figure shows a steady decline in 
peak power rather than any sudden drops in power from 125 cycles to 300 cycles 
with approximately a 1% drop during each cycle group (125 to 150….. 250 to 300). 
The total unrecoverable peak power drop between cycles 125 at 6.5 watts and cycle 
300 at 6.1 watts was 6%. Furthermore the total decline in peak power between 
cycles 125 at 6.5 watts and cycle 400 at 6 watts was 0.5 watts (8%). 
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Figure ‎3.52 - Polarisation curves for 500 to 1000 cycles 
 
The above figure 3.52 shows the polarisation performance curves for the structural 
fuel cell after 500 to 1000 cycles in groups of 100. Clearly there were dramatic 
changes in the cell performance from cycles 500 through to 1000. Initially as the 
current increases the voltage and power curves for each cycle remain very similar. 
However as the current reaches 0.3 A/cm2 the polarisation curves begin to separate. 
At approximately 5.5 A/cm2 there is a stark difference between each polarisation 
curve with the number of bending load cycles increasing the fuel cell performance 
continues to decline considerably. It can be concluded that the sharp decline in 
performance can be attributed to the mechanical fretting fatigue of the MEA due to 
the number of bending cycles it has been subjected to. Furthermore if we compare 
figure 3.52 with figure 3.47 (Polarisation curves for 500 to 1000 cycles – 3mm 
deflection) it is clear that the higher deflection amplitude produces a greater decline 
in cell performance over the same number of cycles.  
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The structural fuel cell shows an almost linear decline in peak power performance 
(figure 3.53) with the increase in bending cycles. The rate of peak power drop 
between each of the 100 cycles is on average 2%. However between cycles 900 and 
1000 the drop in peak power is 6% indicating an increase in the rate of degradation 
of the MEA. The rate of peak power decline from 500 to 1000 cycles appears to be 
considerably greater at 5mm of deflection as opposed to 3mm of deflection – 0.8 
watts (13%) and 0.2 watts (4%) respectively 
Figure 3.54 illustrates the polarisation performance curves for the structural fuel cell 
after 1100 to 1500 cycles in groups of 100. Initially as the current increases the 
voltage and power curves for each cycle remain very similar. As with cycles 500 to 
1000 the polarisation curves begin to separate with the increase in bending load 
cycles. However this occurs at a lower current rating of approximately 0.18 A/cm2 
indicating a higher rate in cell degradation with the increased loading cycles. In 
comparison at the lower amplitude of 3mm deflection for 1100 to 1500 cycles the 
only significant changes occurs between cycles 1400 to 1500 with the remaining 
cycles producing very similar performance results. 
 
Figure ‎3.53 - Peak power performance from 500 to 1000 cycles 
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Figure ‎3.54 - Polarisation curves for 1100 to 1500 cycles 
 
Figure ‎3.55 - Polarisation curves for 1600 to 2000 cycles 
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The polarisation curves for 1600 through to 2000 cycles at an amplitude of 5mm 
(figure 3.55) shows the curves grouping together with cycles 1600 and 1700 
producing very similar performance results. Between polarisation curves 1700 and 
1800 there is a significant drop in the structural fuel cells performance. However 
bending cycles 1800, 1900, and 2000 produce very similar performance polarisation 
results. In comparison at the lower amplitude of 3mm deflection for 1600 to 2000 
cycles (figure 3.49) there were no significant change in polarisation performance will 
all the curves producing very similar results.  
 
Figure ‎3.56 - Peak power performance from 1100 to 2000 cycles 
 
There is a clear trend in the decline of the structural fuel cells peak power 
performance from 1100 to 2000 cycles. The graphic (figure 3.56) shows two groups 
of bending cycles (1500 to 1700 and 1800 to 2000 cycles – orange arrows) where 
the peak power performance has been very similar. However there is an overall peak 
power loss of 11% from 5.5 watts at 1100 cycles to 4.9 watts at 2000 cycles. In 
comparison the overall decline in peak power performance at the lover amplitude of 
3mm deflection was 7% from 6.4 watts at 1100 cycles to 6 watts at 2000 cycles. 
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3.11.7 Dynamic bending – 7mm deflection 
 
The third set of dynamic bending experiments involved MEA6-B3 which had an open 
circuit voltage (OCV) of 0.90V and a peak power of 7.2 watts. A 7mm bending 
deflection was induced on the structural fuel cell over 2000 cycles. 
 
Figure ‎3.57 - Polarisation curves for 125 to 200 cycles 
It was noted that the initial 100 bending cycles produced extremely erratic 
polarisation results with the structural fuel cells performance increasing or 
decreasing from one curve to the next which was found to be due to blockages 
within the system. However from cycles 100 to 125 the polarisation curves settled 
and become consistent. The above figure 3.57 presents the structural fuel cell 
performance for bending cycles 125 to 200. The most startling aspect of the results 
is that the cell performance shows considerable improvements with large gains in 
cell voltage as the bending cycles are increased. Peak power improves by 5% from 
7.1 watts at 125 cycles to 7.5 watts at 200 cycles. It was possible that MEA6-B3 had 
not been fully activated prior to the experimental work and was therefore still in its 
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activation phase and working towards peak performance. However after examining 
the activation polarisation curves for MEA6-B3, it was clear that the MEA was fully 
activated and its maximum performance had been achieved during the activation 
process. It is believed that as the MEA is forced to flex under the bending loads the 
micro porous structure of the gas diffusion layer (knitted carbon fibres) expands 
allowing for a greater degree of convective mass transfer (please see Chapter 1) of 
the reactants to occur through the gas diffusion layer onto the catalyst layer resulting 
in an improvement in cell performance.  
 
Figure ‎3.58 - Peak power performance from 125 to 500 cycles 
The above figure 3.58 depicts the peak power performance of the structural fuel cell 
from 125 cycles to 500 cycles. The graphic clearly shows the performance gains 
made by the cell from 7.1 watts after the application of 150 cycles of bending load to 
7.9 watts with the application of 250 bending load cycles. The structural fuel cell 
gained almost one watt of peak power an increase of 11%. The increase power level 
was maintained from 250 to 300 cycles. However as the bending loads and 
mechanical fretting fatigue of the MEA increases the cell eventually begins to lose 
peak power performance from 300 bending cycles onwards.  
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Figure ‎3.59 - Polarisation curves for 500 to 1000 cycles 
 
The results for cycles 500 to 1000 (figure 3.59) show dramatic changes in the 
structural fuel cells performance with the polarisation curves at the various cycles 
being out of phase of each other. Almost immediately as the current density 
increases each polarisation (after each hundredth cycle) performs worse than the 
previous curve. As the current reaches 0.1 A/cm2 the polarisation curves begin to 
separate. With the number of bending cycles increasing there are considerable 
voltage losses throughout the electronic load spectrum (current range 0-0.55 A/cm2) 
with peak voltage drops from 0.9V at 500 cycles down to 0.84V at 1000 cycles. The 
large drops in voltage indicate a sudden increase in ohmic resistance within the cell. 
The increase in cell resistance could be due to the gradual degradation of the MEA. 
As the MEA degrades carbon or catalyst particles are likely to be released into the 
reactant stream causing blockages, contamination, or even blocking the micro pores 
of the gas diffusion layer and preventing reactants from getting to the catalyst layer 
for the electrochemical reaction to take place.  
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Figure ‎3.60 - Peak power performance from 250 to 1000 cycles 
 
The above figure 3.60 illustrates the peak power performance of the structural fuel 
cell from 250 cycles to 1000 cycles. As the number of bending cycles increases 
there is an obvious decline in peak power performance of the cell. One of the largest 
individual drops occurs between 600 and 700 bending cycles with peak power 
dropping 14% from 7.6 watts at 600 cycles to 6.5 watts at 700 cycles. The overall 
peak power decline of the cell is also substantial from 7.9 watts at 250 cycles to 5.8 
watts at 1000 cycles equating to a decline of 27%. The steep decline in the structural 
fuel cells performance is a clear indication of MEA deterioration due to fretting 
fatigue with the application of high amplitude displacement.   
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Figure 3.61 shows the polarisation performance curves for the structural fuel cell 
after 1100 to 2000 cycles. The polarisation curves from 1100 to 1500 cycles continue 
to show a regular decline in the fuel cell performance with the increase in bending 
cycles. The peak voltage for each loading cycle continues to drop from 0.85V at 
1100 cycles to 0.81V at 1500 cycles. Although each polarisation curve is closer to 
each other than those for the 500 to 1000 cycles there still appears to be high ohmic 
resistance within the cell with continued voltage losses along the electronic load 
spectrum (current range of 0-0.55 A/cm2). The overall peak power loss between the 
cycles was 14% with peak power being 5.5 watts at 1100 cycles dropping to 4.8 
watts after 1500 bending cycles.  
The polarisation curves for 1600 cycles to 2000 cycles are also much closer together 
indicating a reduction of ohmic resistance within the cell. However as expected the 
polarisation curves show a regular decline in the structural fuel cells performance 
with the increase in bending cycles. The rate of decline is much greater than that of 
the same polarisation cycles at the lower deflection amplitudes with the peak power 
performance of the cell from 1600 cycles to 2000 cycles being below 4.5 watts as 
opposed to greater than 4.8 watts at 5mm and greater than 6 watts at 3mm. 
Although MEA6-B3 produced the best polarisation curve performance prior to the 
application of bending loads than any of the two previous MEA’s tested its 
performance has also declined the most. It is clear that the increase in deflection 
from 3mm to 7mm and the related fretting fatigue has had a substantial detrimental 
and permanent effect on the MEA’s performance.  
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Figure ‎3.61 - Polarisation curves for 1100 to 2000 cycles 
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Figure ‎3.62 - Peak power performance from 1100 to 2000 cycles 
 
The above figure 3.62 depicts the peak power performance of the structural fuel cell 
from 1100 cycles to 2000 cycles. One of the largest drops in peak power 
performance occurs between 1500 bending cycles and 1600 bending cycles. With 
peak power dropping 11% from 4.8 watts to 4.3 watts over the space of 100 bending 
load cycles. However the overall peak power drop from 1100 cycles to 2000 cycles is 
much more substantial with a drop of 25% from 5.5 watts to 4.1 watts.  
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3.11.8 Dynamic torsion – 3.4° 
 
The first set of dynamic torsion experiments involved MEA2-B4 which had an open 
circuit voltage (OCV) of 0.90V and a peak power of 6 watts. The structural fuel cell 
was subjected to a torsion load which induced a 3.4° twist at the tip of the cell.  
 
Figure ‎3.63 - Polarisation curves for 500 to 1000 cycles 
MEA2-B4 was subjected to the same number of torsional loading cycles as all the 
bending load experiments with 0 to 100 cycles in groups of 10, 125 to 200 cycles in 
groups of 25, and 200 to 400 in groups of 50. However the polarisations showed no 
noteworthy change in the structural fuel cells performance over those torsional 
cycles. The above figure 3.63 shows the polarisation curves for the fuel cell after 500 
to 1000 torsional loading cycles. The graphical illustration shows a clear distinction 
between each of the polarisation curves. However the polarisation curves also 
operate within a very close power range to each other. The cell performance 
declines slightly from 500 to 900 cycles but then recovers during the 1000th cycle. 
The peak power drop between cycles 500 and 1000 was only 0.3 watt.  
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Figure ‎3.64 - Peak power performance from 250 to 1000 cycles 
 
Figure 3.64 presents the peak power performance of the structural fuel cell from 250 
cycles to 1000 cycles. It is clearly evident from the graph that the cell performance is 
declining with the increase in the number of torsional cycles. However there have 
been no significant drops in peak power performance. Peak power performance has 
only dropped by 0.5 watts over the 750 torsional cycles between cycle 250 and 1000 
cycle. The most significant and continues drop was only 0.2 watts between 500 and 
700 cycles.  
 
 
 
 
 
170 
 
Figure ‎3.65 - Polarisation curves for 1600 to 2000 cycles 
 
The above figure 3.65 shows the performance polarisation curves for the structural 
fuel cell after 1600 to 2000 cycles. The fuel cells peak power performance improves 
marginally from 5.1 watt at 1500 cycles to 5.2 watts at 1600 cycles. The performance 
of the cell from 1600 cycles to 2000 cycles remains reasonably consistent with no 
significant changes in voltage during each polarisation curve. The figure shows a 
minimal decline in cell performance between 1600 cycles and 1800 cycles. The 
structural fuel cell then makes a performance recovery from 1900 to 2000 cycles with 
1900 cycle almost reaching the same performance level as the 1600 the cycle.  
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Figure ‎3.66 - Peak power performance from 1100 to 2000 cycles 
 
The most significant drop in peak power performance (figure 3.66) is 6% from 5.4 
watts at 1200 cycles to 5.1 watts at 1500 cycles. The most striking aspect of the 
structural fuel cells performance during the 3.4° of torsional loads was its ability to 
recover peak power performance. Peak power performance recovers 2% from 5.3 
watts at 1100 cycles to 5.4 watts at 1200 cycles. Additional recoveries occur 
between 1500 and 1600 cycles (5.1 watts to 5.2 watts) and 1800 cycles to 1900 
cycles (5 watts to 5.1 watts). Although the recoveries in peak power performance are 
not substantial it does indicate that the dynamic torsional loads have not 
mechanically fatigued the MEA to the point where its performance would continue to 
deteriorate.  
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3.11.9 Dynamic torsion – 5° 
 
The second set of dynamic torsion experiments involved MEA4-B4 which had an 
open circuit voltage (OCV) of 0.91V and a peak power of 6.5 watts. The structural 
fuel cell was subjected a torsion load which induced a 5° twist at the tip of the cell. 
 
Figure ‎3.67 - Polarisation curves for 50 to 100 cycles 
 
Almost immediately after the application of higher torsional loads the fuel cell began 
to show significant changes in performance. The above figure 3.67 gives the 
polarisation performance curves for the structural fuel cell after 50 to 100 cycles. The 
performance of the cell progressively improves with the increase in the number of 
dynamic torsion cycles. It’s noteworthy that the structural fuel cells performance 
improved during the highest amplitude of bending deflection (±7mm) and it has also 
improved during the highest torsional loading experiment. In both cases it is believed 
that as the MEA is forced to flex under the higher bending and torsional loads the 
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micro porous structure of the gas diffusion layer (knitted carbon fibres) expands 
allowing for a greater degree of convective mass transfer of the reactants to occur 
through the gas diffusion layer onto the catalyst layer resulting in an temporary 
improvement in cell performance.    
 
 
Figure ‎3.68 - Polarisation curves for 500 to 1000 cycles 
 
The above figure 3.68 gives the polarisation performance curves for the structural 
fuel cell after 500 to 1000 cycles. As expected the fuel cell starts to significantly and 
consistently degrade with the increase in loading cycles. The structural fuel cells 
peak power drops 12% from 6 watts at 500 cycles to 5.3 watts at 1000 cycles. In 
comparison during the equivalent cycles for 3.4° of torsional loading the cell dropped 
4% from 5.8 watts at 500 cycles to 5.5 watts at 1000 cycles.      
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Figure ‎3.69 - Peak power performance from 250 to 1000 cycles 
 
It is clear from the above figure 3.69 that the structural fuel cells decline in peak 
power performance is relatively linear. The cell peak power declines from 6.4 watts 
at 250 cycles to 5.3 watts at 1000 cycles a substantial reduction of 20% (1.1 watts) 
over the 750 torsional loading cycles. In comparison the peak power performance 
drop for the equivalent cycles at 3.4° of torsional loading was 9% from 6 watts at 250 
cycles to 5.5 watts at 1000 cycles a reduction of only 0.5 watts over the 750 cycles. 
Clearly the higher torsional load has resulted in greater fretting fatigue of the MEA in 
the structural fuel cell.  
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Figure ‎3.70 - Polarisation curves for 1100 to 2000 cycles 
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Figure 3.70 gives the peak power performance of the structural fuel cell from 1100 
cycles to 2000 cycles. The two sets of polarisation curves are neatly grouped 
together indicating that the increase in torsional load cycles from 1100 to 1500 and 
1600 to 2000 had no significant impact the fuel cells performance. However there 
does appear to be a clear decline in the performance between the two groups of 
cycles. Between 1100 and 1500 cycles the polarisation peak powers are within the 
region of 4.8 and 5 watts however between 1600 and 2000 cycles the polarisation 
peak powers are all at or below 4.5 watts.  
The decline in cell performance is clearly illustrated in figure 3.71 with a drop in peak 
power performance of 7% from 4.8 watts at 1500 cycles to 4.5 watts at 1600 cycles. 
The figure also shows the structural fuel cell recovering some of the peak power loss 
from cycles 1600 to 1900. Overall however there was a peak power loss of 12% from 
5 watts at 1100 cycles to 4.4 watts at 2000 cycles.  
 
Figure ‎3.71 - Peak power performance from 1100 to 2000 cycles 
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3.12 Discussion 
3.12.1 Dynamic bending comparison 
 
Figures 3.72 provides a break down comparison of peak power performance losses 
between the groups of bending load cycles for all three bending load deflections. It is 
evident from the graph that experiments involving 3mm of deflection performed the 
most consistently with peak power losses of only 3% from cycles 250 to 500, 1000 to 
1500, and 1500 to 2000. Experiments involving 5mm of deflection had a significant 
drop in peak power performance of 13% from 500 to 1000 cycles with the continued 
increase in bending cycles the fuel cell did not recover the losses made during these 
cycles. Experiments with 7mm of deflection had substantial peak power losses 
throughout the cycle groups including drops of 13% between 1000 to 1500 cycles, 
and 15% 1500 to 2000 cycles. However the most significant loss in peak power was 
22% from 7.4 watts at 500 cycles to 5.8 watts at 1000 cycles – the cell continued to 
lose peak power through the remaining cycles without any recovery. Interestingly for 
all three bending loads their maximum peak power losses occurred during cycles 
500 to 1000.  
 
Figure ‎3.72 - Peak power performance between each group of bending cycles 
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The below figures 3.73 and 3.74 provide a very useful comparison of the structural 
fuel cells change in peak power performance for the three different bending loads 
from their original unloaded condition (prior to the application of any mechanical load) 
through to the application of 2000 bending cycles. Experiments involving 3mm of 
deflection endured the least drop in peak power performance through the cycles with 
a maximum overall drop of only 11% from 6.7 watts to 6 watts. Experiments involving 
5mm of deflection performed well up to 500 bending cycles. However from 500 
cycles onwards the cell suffered significant peak power losses of 17, 19, and finally 
23% from 6.3 watts to 4.8 watts upon completion of the 2000 cycles. Experiments 
involving 7mm of deflection produced the full spectrum of results. Initially the fuel 
cells performance improved by 10% from 7.2 watts to 7.9 watts which is believed to 
be due to the higher deflection expanding in the micro pores gas diffusion layer 
structure and allowing for more reactant gases to pass through and over the catalyst 
resulting in the increased cell performance. Eventually the cell did follow the pattern 
of the previous experiments but with greater peak power losses. From cycles 0 to 
1500 losses were 31% - 7.2 watts to 5 watts. Overall peak power losses were a 
sizable 41% from 7.2 watts to 4.2 watts equating to a loss of 3 watts.  
 
Figure ‎3.73 - Peak power percentage losses from zero cycles to 2000 cycles 
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Figure ‎3.74 - Peak power change from zero cycles to 2000 cycles 
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3.12.2 Dynamic torsion comparison 
 
Figure 3.75 provides a break down comparison of peak power performance losses 
between the groups of cycles for the two experimental torsions. At 3.4° of torsion the 
structural fuel cells peak power performance drops the most during cycles 1000 to 
1500 with an 8 % loss from 5.5 watts to 5.1 watts. Losses were also incurred during 
cycles 250 to 500 (3%) and cycles 500 to 1000 (4%). Significantly during cycles 
1500 to 2000 the peak power losses are negligible with them being less than 1%. 
The experimental results for the 5° of torsion loading show much greater losses 
through the cycle groups. Peak power losses from 1000 to 1500 cycles are 9% from 
5.3 watts to 4.8 watts. However the most substantial peak power losses for the 
structural fuel cell at 5° torsional load occur between 500 to 1000 cycles with a drop 
of 12% from 6 watts to 5.3 watts.  
 
 
Figure ‎3.75 - Peak power performance between each group of torsional cycles. 
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The below figures 3.76 and 3.77 provide a comparison of the structural fuel cells 
change in peak power performance from its original unloaded condition (prior to the 
application of any mechanical load) through to its performance after the application 
of 2000 torsional cycles. At 3° of torsion the structural fuel cell lost 9% peak power 
after 1000 cycles from 6 to 5.5 watts and 16% after 1500 cycles from 6 watts to 5.1 
watts. However even with the increase in cycles up to 2000 the cell stabilised and 
did not lose anymore peak power. In comparison once the structural fuel cell was 
subjected to 5° of torsional loading its peak power performance dropped 
considerably over the 1000 to 2000 cycles range, a peak power performance drop of 
18% after 1000 cycles from 6.4 watts to 5.3 watts and 26% after 1500 cycles from 
6.4 watts to 4.8 watts. However over the complete 2000 cycles the cell peak power 
performance drop of the structural fuel cell was a substantial 30% from 6.4 watts to 
4.3 watts an overall loss of 2.1 watts.     
 
Figure ‎3.76 - Peak power change from zero cycles to 2000 cycles 
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Figure ‎3.77 - Peak power percentage losses from zero cycles to 2000 cycles 
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3.12.3 MEA recovery 
 
During the dynamic bending and torsion experiments immediately after the 
mechanical loading cycles were complete the structural fuel cell was electrically 
loaded and performance polarisation curves were produced. It was noted that on 
numerous occasions the cell performance would drop only to recover with the 
following curve, an example of this behaviour is shown in figure 3.78. The 
phenomenon occurred more frequently at greater loads (higher deflections).  
The fact that the greater deflection increased the likelihood of seeing the behaviour 
is strong evidence to suggest that the gas diffusion layer (GDL) micro pores and flow 
channels may have been blocked by the water generated during the steady state 
conditions and once the bending load was removed the excess water was able to be 
forced through the system by the reactant flow gases. A further possibility is that 
during the mechanical loading cycles the MEA is under both tension and 
compression causing deformation and therefore it could be bulging into the flow 
channels temporarily blocking them.  As the mechanical loading cycle is complete 
the MEA is relieved of the loading stresses and eventually returns back to its original 
condition. The two distinctly different polarisation curves could be due to the time it 
takes for the MEA to return to its original condition unblocking the flow channels 
resulting in an increase in polarisation performance. Further investigation is required 
to determine exactly what was causing the phenomenon illustrated in figure 3.78. 
The figure shows two polarisation curves produced after 1900 bending cycles at 
5mm of deflection. Run 2 (polarisation 2) was conducted approximately ten seconds 
after run 1 (polarisation 1).   
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Figure ‎3.78 - Demonstration of recovery behaviour of the MEA 
(1900 bending cycles at 5mm of deflection) 
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3.12.4 MEA examination 
 
After the application of static bending and static torsional loads each MEA was 
visually examined. The MEA’s did not show any visual appearance of damage even 
though their performance drops (specifically static bending) do indicate some 
damage had occurred. However upon examining the MEA’s used for the dynamic 
bending and dynamic torsion experiments clear areas of damage were visible. 
Figure 3.79 shows the extent of damage to the two MEA’s used during torsional 
loading experiments. Clearly evident is the damage to the tip of MEA2-B4 and the 
splitting of the gas diffusion electrode (GDE) from the nafion membrane on the 
cathode side of MEA4-B4 which was used for the 5° torsional load experiments. 
Each MEA was examined prior to experimentation and showed no signs of damage 
therefore the damage illustrated in figure 3.79 as directly due to the dynamic 
torsional experiment. Figure 3.80 shows the damage to MEA7-B3 after 2000 bending 
cycles at 5mm deflection. Once again most of the visible damage was situated 
around the tip of the MEA and upon removing the MEA from the cell parts of it were 
seen to fall off.  
 
Figure ‎3.79 - MEA’s after 2000 torsional load cycles at 3.4 and 5° 
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It is highly likely that due to the level of permanent power loss experienced upon 
completion of the 2000 bending cycles further damage had occurred within the 
remaining MEA, however any further damage was not visible to the naked eye. 
However the most significant visible damage was to MEA6-B3 which was subjected 
to 2000 bending cycles at 7mm deflection. Figure 3.81 shows the top section of the 
cathode GDE striped away from the membrane a surface area of approximately 
87mm2 on each side of the MEA was heavily damaged. Sections of MEA6-B3 had 
broken away and were seen in the flow channels. In addition to this, particles which 
resembled the gas diffusion electrode (GDE) were seen in the anode and cathode 
water traps. Once again judging by the permanent power losses incurred it was 
highly likely further damaged had occurred throughout the MEA but which was not 
visible.  
The MEA damage can be put down to the shear displacement between the end 
plates and bipolar plates as the structural fuel cell is under bending loads. The 
continuous relative sliding of the plates during dynamic displacement forces the flow 
channels of the bipolar plates to rub against the MEA causing damage and a 
permanent loss of power. With the weakest section of the MEA being the tip and the 
maximum sliding displacement between the plates occurring at the tip of the cell the 
maximum damage can be expected at this location.  
Similarly for the torsional loading experiments the maximum twist occurs at the tip of 
the cell where the load is being applied and the MEA is structurally weak. As the cell 
begins to twist the flow channels in the bipolar plates rub against the MEA. Dynamic 
torsional loading ensured the continuous rubbing of the flow channels against the 
MEA causing permanent damage and loss in power due to the wearing action. 
Logically with higher loads and greater degrees of twist or deflection, higher rates of 
wear and damage, greater power losses can be expected.  
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Figure ‎3.80 - Damage to MEA7-B3 after 2000 bending cycle at 5mm deflection 
 
Figure ‎3.81 - Damage to MEA6-B3 after 2000 bending cycle at 7mm deflection 
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Chapter 4 - Corrosion of bipolar plates 
 
4.1 Initial test run 
 
The MEA activation process mentioned in Chapter 3 was initially started with the 
aluminium bipolar plates. Each new MEA was prepared for the activation run by 
immersing it in deionised water over night to ensure the electrolyte membrane was 
adequately hydrated. The structural fuel cell was assembled with a clamping 
pressure of 4N/m per bolt and the 0.7mm thick neoprene gasket (Optimum clamping 
conditions as discussed in Chapter 3). At this stage no mechanical loads were 
applied to the structural fuel cell. The MEA initially performed to the level expected, 
however its performance began to deteriorate rapidly within the first five hour of use 
as more current was drawn for the activation process. Over the five hour period each 
polarisation curve produced worsened in performance compared to the previous with 
peak power dropping from 7.5 watts at 15.5 Amp (0.9V open circuit) to 2.1 watts at 
4.6 Amps. The activation process was performed on five MEA’s and each MEA 
demonstrated the same drop in performance over a very short period of time. 
Therefore at this stage it was not possible to complete the activation process for 
each MEA.        
 
4.2 Investigation 
 
Following the rapid changes in cell performance the structural fuel cell was 
disassembled and carefully examined. Inspection of the cell found unknown material 
deposits clearly visible on the MEA surface and extensively on the surface of each 
bipolar plate as shown in figure 4.1.  
Following the discovery of these deposits Scanning Electron Microscope (SEM) and 
Energy Dispersive X-ray Spectroscopy (EDS) were used to determine their 
composition and characteristics.  
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Figure ‎4.1 - Unknown deposits on MEA and bipolar plate surfaces. 
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4.2.1 SEM and EDS 
 
In an SEM an electron beam is focused and scanned across a specimen surface, 
several iterations over the surface result in the emission of a variety of signals 
(electrons or protons) as the SEM electrons penetrate the specimen surface. The 
emitted signals are collected by a detector. The signals which provide the greatest 
amount of useful information in the SEM are the secondary electrons, backscattered 
electrons, and characteristic X-rays [68][69][70].  
The secondary electrons are emitted from the top surface of the specimen and 
produce an easily interpretable display of specimen size and shape. Image contrast 
is determined by the specimen morphology and resolution by beam diameter. 
[68][69][70]. 
Backscattered electrons are beam elements which are reflected from the specimen 
by elastic scattering. These are often used along with characteristic x-rays as the 
signal intensity is strongly related to atomic number. [68][69][70]. 
X-rays are emitted from the specimen when the SEM electron beam interacts with 
the atoms in the specimen. The X-rays have the energy characteristics of the 
specimen. Detection and measurement of the energy allows for elemental analysis 
and characterisation - Energy Dispersive X-ray Spectroscopy (EDS). X-rays can also 
be used to measure composition and abundance of elements within a specimen. 
[68][69][70].  
Three samples were tested one each from the anode and cathode along with one 
from the first MEA. 
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Figure ‎4.2 - Anode, Cathode, and MEA samples in SEM/EDS machine 
 
 
Aluminium stubs with carbon sticky pads (figure 4.2) were used to take deposit 
samples from the MEA (section of the electrolyte membrane was cut and placed on 
a stub), anode, and cathode (sticky stubs were touched on the anode and cathode 
surfaces) surfaces.  
Each stub was coated in Gold/Palladium in the ratio of 80:20 and of several of tens 
of nanometre in thickness. This would allow the electrons to conduct on the sample 
surface and go to earth while still generating secondary and back scattered electron 
for imaging and x-rays for EDS analysis. 
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Anode bipolar plate surface
 
Figure ‎4.3 - SEM and EDS analysis of anode surface 
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Cathode bipolar plate surface
 
Figure ‎4.4 - SEM and EDS analysis of cathode surface 
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MEA surface
 
Figure ‎4.5 - SEM and EDS analysis of MEA surface 
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4.2.2 Anode surface analysis – figure 4.3 
 
SEM and EDS analysis found six different compounds on the anode bipolar plate 
surface with the most abundant compounds being Silicon dioxide or silica (SiO2), 
aluminium oxide or alumina (Al2O3), and magnesium fluoride (MgF2). Alumina 
deposits mount to 23.6 wt% and 15.9 atomic percent of the deposits which can 
easily be attributed to the substrate aluminium material and its reaction with oxygen. 
EDS spectrum analysis showed peaks of alumina over the sample surface indicating 
that substrate material (Aluminium) is being deconstructed due to the chemical 
reaction within the cell and deposited on the anode surface.   
Silica deposits amount to 29 wt% and 33 Atomic percent of the deposits found on the 
anode surface. Silica is commonly used as an alloying compound for Al 1050 [62].  
Additionally prior to using the current neoprene gasket  Wynn’s RTV silicon (Room 
Temperature Vulcanizing Silicone) gasket maker was employed for sealing tests and 
traces of this material may have remained on the surface which would help to 
explain the high silicon content of the deposits.  
Magnesium fluoride accounts for 31.6 wt% and 30 atomic percent of the anode 
surface deposits. It is evident that during the electrochemical reaction process within 
the cell considerable corrosion has occurred. It is believed that the corrosion process 
has released magnesium ions from the aluminium and fluoride ions from the DuPont 
membrane which have combined to make the compound magnesium fluoride. 
 
4.2.3 Cathode surface analysis –figure 4.4 
 
For the cathode bipolar plate SEM and EDS analysis found four different compounds 
on its surface with the most abundant compounds once again being silicon dioxide or 
silica (SiO2) at 40 wt% and 47 atomic percentage, and aluminium oxide or alumina 
(Al2O3) at 45 wt% and 31.6 atomic percentages. It is believed that these compound 
were due to the following factors; aluminium’s reaction to oxygen, aluminium 
corrosion resulting in the release of Silica (Silica being the alloying material for 
aluminium Al 1050), and the use of the silicon based gasket maker.  
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4.2.4 MEA surface analysis – figure 4.5 
 
For the MEA the SEM and EDS analysis found five different compounds on its 
surface Including silicon dioxide or silica (SiO2) at 39 wt% and 36.8 atomic 
percentage, and aluminium oxide or alumina (Al2O3) at 16.5 wt% and 9 atomic 
percent. The most abundant compound found was carbon at 42 wt% and 52.9 
atomic percent. Large deposits of carbon can be expected as the MEA is 
manufactured with two gas diffusion layers (GDL) which are made from carbon 
paper and therefore the electrolyte membrane is expected to be exposed to carbon. 
More critically the aluminium found on the electrolyte membrane surface is a major 
indicator of membrane contamination. 
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4.2.5 Overall analysis  
 
Following SEM and EDS analysis it can be concluded that due to the highly acidic 
environment within the cell the aluminium bipolar plates have corroded. During the 
corrosion process the aluminium ions released attack and contaminate the MEA 
membrane diffusing into the electrolyte, and therefore lowering the membrane ionic 
conductivity, the corrosive layers also increase electrical resistance and therefore 
significantly lowering the cells overall performance [40]. 
An extensive literature review has shown that metallic plates and specifically 
aluminium bipolar plates are prone to corrosion and therefore require specific 
protective coatings for their suitability as fuel cell bipolar plates [40][71][72][73]. 
Literature has shown that aluminium is one of the most difficult materials to use for 
bipolar plates due to its very low resistance to corrosion. To resolve the corrosion 
problem with metallic bipolar plates a wide variety of coatings and coating processes 
have been developed and studied with varying degrees of success [74]. A number of 
commonly studied / developed coating systems are illustrated in Table 4.1. The 
bipolar plate coatings can typically be categorised as carbon based like diamond 
carbon, conductive polymer, graphite, organic mono-polymer, and metal based like 
nickel, titanium, lead, and noble metals based – gold, chromium, platinum, and Silver.   
 
 
Table ‎4.1 - Potential coatings for aluminium and stainless steel bipolar plates [74] 
 
 
Coating Aluminium Stainless steel Coating Aluminium Stainless steel
Conductive polymer × Lead oxide ×
Chromium × Nickel ×
Chromium nitride × Niobium ×
Diamond-like carbon × Organic monopolymer ×
Gold × Silicone carbide ×
Gold-titanium × Silver ×
Gold-nickel × × Silver-PTFE ×
Graphite foil × Titanium-aluminium ×
Graphite topocat × × Titanium nitride oxide ×
Indium tin oxide × Zironia ×
Base plate material Base plate material
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Coatings must be electrically conductive and have good adhesion properties such 
that they adhere to the substrate base metal without exposing it to the corrosive 
environment. Furthermore the coefficient of thermal expansion of the base metal and 
coating needs to be as close as possible in order to prevent the possibility of micro 
pores and micro cracks in the coating due to unequal thermal expansion [75]. In 
addition to this the processes used to apply the coatings is fundamentally important 
to preventing the formation of pinhole defects. Some of the processes used include 
pulse current electrodeposition, physical vapour deposition, chemical anodising, 
electron beam evaporation, vapour deposition and spluttering, and electroless 
deposition [40].     
As mentioned above noble metals such as gold, silver and platinum have been used 
for coatings on aluminium and stainless steel bipolar plates. Although these metals 
are expensive and do require thicker layers to be applied for adequate corrosion 
resistance, they have been very successful in providing the substrate protection in 
the harsh fuel cell electrochemical environment [74].  
A number of industrial fuel cell manufacturers (Intelligent Energy, Hyundai motors) 
have worked to develop successful coating systems for both aluminium and stainless 
steel bipolar plates however the coatings employed are typically proprietary 
technology and are therefore undisclosed.   
In addition to a literature review, consultations were had with coating specialist at the 
University of Birmingham. It was concluded that a coating system which included 
phosphorous nickel as an intermediate layer between the aluminium substrate and a 
gold top coat would be the most appropriate system to use. The phosphorous nickel 
intermediate layer would minimise the effect of the differentials in coefficient of 
thermal expansion and the gold top coat has high resistance to corrosion and thus 
would be providing corrosion protection. All coating systems were applied via the 
electroplating process by Modern Metal Finishes Ltd. 
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4.2.6 Results post corrosion protection 
 
The aluminium bipolar plates were coated with 10µm of phosphorous Nickel followed 
by a 2µm Gold top coat. Once the bipolar plates had received the protective coating 
system the cell was reassembled and tested with a new MEA.  
 
Figure ‎4.6 - Post application of Gold protective coating system 
 
As can be seen in figure 4.6 the initial performance of the structural fuel cell with the 
newly coated bipolar plates was impressive with a maximum power output of 8.5 
watt at 15 Amp. The cell was also consistently holding its voltage around 0.56V. A 
further polarisation curve was produced approximately 24hrs later (figure 4.7). 
Although the structural fuel cell produced a higher open circuit voltage of 0.9V during 
its second test its overall performance was significantly poorer with a maximum 
power of 4.8 watt produced at 9.6 Amp. It was also observed during the polarisation 
that the voltage would continue to drop significantly. Three additional polarisation 
tests were performed over a period of 48hrs which continued to show a substantial 
and continuous drop in cell performance. 
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Figure ‎4.7 - Second polarisation curve produced approximately 24hrs after the first. 
 
Following the gradual degradation in performance of the structural fuel cell it was 
disassembled and examined. The anode and cathode bipolar plates were examined 
using Optical Microscopy (OM), Scanning Electron Microscope (SEM), and Energy 
Dispersive X-ray Spectroscopy (EDS). 
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Anode bipolar plate surface
 
Figure ‎4.8 - SEM and EDS analysis of 2µm gold coated anode surface. 
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Cathode bipolar plate surface
 
Figure ‎4.9 - SEM and EDS analysis of 2µm gold coated cathode surface. 
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The surface analysis for the anode and cathode produced similar results. Figure 4.8 
and 4.9 show the high deposits of gold on both surfaces - anode 22.6wt% and 
cathode 30.85wt %. High quantities of carbon were also found on both surfaces 
(anode 36.5wt% and cathode 37.2wt %) which can be attributed to the MEA gas 
diffusion layer which is a brittle carbon paper.  
Additionally quantities of aluminium 6.4wt%, nickel 9.3wt%, and platinum 0.9 wt% 
were found on the cathode surface. The SEM and EDS evidence suggests that 
despite applying the gold / nickel protective coating the bipolar plates are still 
corroding. The corrosion is also stripping platinum from the MEA surface further 
degrading the cells performance.        
 
 
Figure ‎4.10 - Optical microscopy image of cathode coated surface 
(1000x magnification) 
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Figure ‎4.11 - Pitting corrosion on bipolar plate surfaces 
 
Optical analysis of the cathode surface (figure 4.10) clearly shows blistering of the 
gold coating as well as evidence of corrosion pitting (small holes or cavities being 
formed). The bipolar plates were subsequently stripped of all coatings and examined 
once again. It was clearly apparent that corrosion pitting had occurred (figure 4.11). 
The corrosion pitting pattern on the gold plated surfaces (anode and cathode) 
resembled the pattern and location of deposits left on the uncoated bipolar plate 
surfaces in figure 4.1. The evidence suggests that the cleaning process of the 
components prior to electroplating did not remove all of the corrosion from the 
surfaces. The corrosion was reactivated once the plates were used causing the gold 
coating to blister. Additionally pitting locations may not have been coated properly 
allowing for localised corrosion to continue post application of the protective coatings. 
Furthermore the coating may not have been thick enough to provide adequate 
corrosion resistance (pin holes in the coating). With the coefficient of thermal 
expansion of aluminium (23×10-6 mm/°C) being considerably less than that of nickel 
(13×10-6 mm/°C) and gold (14×10-6 mm/°C) [76][77] it may have been the case that 
due to this differential, micro pores and micro cracks had formed within the protective 
coating.  
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Following on from the results of the initial coated plate a new set of aluminium 
bipolar plates were manufactured. A protective coating was applied to these plates 
prior to any usage. In order to ensure complete coverage the protective coating 
thickness was increased. The phosphorous nickel was increased to 20 micron (µm) 
and the gold top coat thickness was increased from 2 micron (µm) to 5 micron (µm). 
Due to the expense of gold the 5 micron (µm) top coat was only applied on the flow 
channel surface and gas inlet /outlet holes (the flow channel surface and gas inlet / 
outlet holes are the only areas which are in direct contact with the reactant gases 
and MEA) of each plate and not the back of the plates.  
 
Figure ‎4.12 - MEA’s with 5µm gold and 20 µm nickel coated bipolar plates 
The initial performance results for the bipolar plates with the thicker gold / nickel 
coating were excellent. Figure 4.12 shows the final polarisation activation curves for 
three MEA’s, each MEA took approximately four hours to activate. The MEA’s 
performed as expected with peak powers of 7 watt (At 15 Amp), 8 watt (At 16 Amp), 
and 8.2 watts (At 16 Amp). The best performing MEA was MEA4-B3 which had a 
peak power performance which was 15% better than MEA6-B3.  
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Figure ‎4.13 - Bipolar plate and MEA condition post activation of the six MEA’s 
 (MEA pictured is the sixth MEA to have been through the activation process) 
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The 5µm gold and 20µm nickel coated bipolar plates where used to activate six 
MEA’s before they began to show significant signs of corrosion. Figure 4.13 shows 
the bipolar plates initially starting to corrode with the formation of deposits on the 
surface which are then exaggerated into blistering and pealing of the protective gold 
coating. Additional the gold which was being stripped from the plates by the 
corrosion was being deposited on the MEA, effectively contaminating it (yellowing in 
figure 4.13).  
It was clearly evident that the coating systems being employed for aluminium were 
not working and therefore a different approach had to be taken. After further 
consultations with a coating and corrosion specialist along with a literature review it 
was decided that the best option was to move away from aluminium bipolar plates 
and to start to investigate the current state of the art stainless steel bipolar plates. 
Unfortunately this would mean that the structural fuel cell would now be a slightly 
heavier stainless steel and aluminium structure as opposed to an all-aluminium 
aircraft type structure. The stainless steel plates would still require a protective 
coating and the same coating system of gold and nickel (wood nickel strike) would 
be employed.  
A new set of bipolar plates were manufacture from 316L marine grade stainless steel. 
To help keep the weight gain to a minimum the new plates were manufactured to be 
1.5mm thick as opposed to 2.5mm for the aluminium bipolar plates – related 
assembly equipment including bolt bushes and spacers where adjusted accordingly. 
The new plates were coated with nickel via wood nickel strike followed by a 2µm 
gold top coat.  
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Figure ‎4.14 - Stainless steel bipolar plates after the activation of fifteen MEA’s 
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The new stainless steel bipolar plates performed considerably better than their 
aluminium predecessors. However after the activation of ten MEA’s the plates 
started to show signs of damage and coating delamination. Once the fifteenth MEA 
had been activated (4hr per activation totalling 60hrs of operation) considerable 
coating delamination had occurred as shown in figure 4.14. A clear pattern was 
noticed in which the blistering and delamination of the protective coating only 
occurred where the electrolyte membrane overlap from the MEA was in physical 
contact with the bipolar plate surface. Only one gasket was being used to minimise 
contact resistance (please see Chapter 3) and therefore one side of the MEA was 
always in physical contact with a bipolar plate. 
A new set of stainless steel plates were manufactured, and the opportunity was 
taken to apply a different combination of protective coatings. Modern Mental Finishes 
Ltd. (external coating company) recommended a coating system that they regularly 
apply on components which operate in the harsh subsea environment. The system 
included wood nickel strike, followed by 5µm of silver and 2µm of gold as the top 
coat. One of the major benefits of this combination was the minimal differential in 
coefficient of thermal expansion between the metallic coatings – stainless steel 
(17×10-6 mm/°C), nickel (13×10-6 mm/°C), silver 18×10-6 mm/°C) and gold (14×10-6 
mm/°C) [76][77]. 
In addition to the new coating a Polytetrafluoroethylene (PTFE) tape (which is non-
reactive in corrosive environments) was applied to each bipolar plate post coating 
application. The PTFE tape was selectively applied to locations where the MEA 
electrolyte membrane overlap would have been in contact with the bipolar plate 
surface (figure 4.15). The PTFE tape provided added protection and prevented the 
type of corrosion seen in figure 4.14 from occurring again.  Although the PTFE tape 
did a great job at corrosion protection after two or three runs of the structural fuel cell 
the tape did start to encroach on to the gas flow channels and block them (figure 
4.15). To prevent this problem occurring in the middle of an experiment the old PTFE 
tape was removed and replaced with fresh tape after the completion of each 
experiment.  
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Additional precautionary measures to prevent corrosion were taken which included 
complete disassembly and cleaning of the structural fuel cell at the end of each day. 
With the MEA out of the cell and any reactants removed, this eliminated the 
possibility of any corrosive reactions continuing within the cell overnight. Along with 
actuator stroke speed and time to change direction (Chapter 3) the maximum 
number of dynamic loading cycles performed each day was limited to 2000 per 
experiment.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
211 
 
 
 
Figure ‎4.15 - Bipolar plates with PTFE tape applied 
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4.2.7 Conclusion 
 
Corrosion of metallic bipolar plates within the PEM fuel cell is extremely detrimental 
to its performance. During the corrosion process the metal ions released attack and 
contaminate the MEA membrane diffusing into the electrolyte, and therefore lowering 
the membrane ionic conductivity. The corrosive layers also increase electrical 
resistance and therefore significantly lowering the cells overall performance [40]. 
The aluminium bipolar plates used within this study showed signs of corrosion very 
early on in their application. The nickel and gold based electroplated coating systems 
used for corrosion protection provided some protection for the aluminium bipolar 
plates, however this was not sufficient for the activation of all the MEA’s and the long 
term running of the cell for experimentation purposes.     
The bipolar plates manufactured from marine grade 316L stainless steel proved to 
be much better suited for the job (please see table 4.2). The stainless steel plates 
with the new coating system (wood nickel strike, 5µm silver coat, 2µm gold top coat) 
along with the PTFE tape proved to be extremely successful, giving the required 
level of corrosion protection needed for all MEA’s to be activated, and all 
experiments to be completed successfully – please see Chapter 3. 
 
 
 
 
 
 
 
 
 
213 
 
 
 
Substrate 
material 
Coating system 
Coating 
thickness 
Process 
Additional 
protection 
Peak power 
produced 
Corrosion 
Aluminium   
7.5 watts 
dropped to 
2.1 watts 
after 5 hours 
Deposits on 
bipolar and 
MEA surfaces, 
Corrosion pitting 
on bipolar plate 
surface, 
Membrane 
contamination 
Previous 
Aluminium 
plates 
Gold top coat 2µm 
Electroplating   
8.5 watts 
dropped to 
4.8 watts 
one day 
later 
Corrosion 
pitting, Blistering 
of coating 
Phosphorous nickel 
base coat 
10µm 
New 
Aluminium 
plates 
Gold top coat 5µm 
Electroplating   
8.2 watts - 
significant 
drop in 
performance 
after 24hrs 
of operation  
Blistering of 
coating, 
Deposits on 
bipolar plate 
surface, 
Yellowing 
(contamination) 
of the MEA's 
Phosphorous nickel 
base coat 
20µm 
Stainless 
Steel 316L 
Gold top coat 2µm 
Electroplating   
8.5 watts 
dropped 
significantly 
after 60hrs 
of operation 
Blistering of 
coating, Coating 
delamination Wood nickel strike base coat 
New 
Stainless 
Steel 316L 
Gold top coat  2µm 
Electroplating 
PTFE tape 
8.5 watts 
Most successful 
coating system - 
completed all 
remaining MEA 
activations and 
all experiments 
without any 
further corrosion 
Silver intermediate 
coat 5µm Disassembly 
and cleaning 
of the fuel cell 
at the end of 
each day Wood nickel strike base coat 
 
Table ‎4.2 - Coating system development 
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Chapter 5 - Finite element analysis 
5.1 Further finite element modelling  
 
Finite element analysis (FEA) is a mathematical technique used to obtain 
approximate solutions to complex real world problems. FE basically splits complex 
problems into a finite number of sub-domains (elements) and uses complex 
mathematics (differential and integral equations) to create an approximation of the 
solution over the collection of sub-domains (elements) [84].   
Finite Element (FE) modelling was used to determine how the redesigned fuel cell 
would react under the range of bending and torsion loads being applied. Furthermore 
it was hoped that the analysis process would highlight areas within the cell which 
have high stress concentrations and therefore areas of future redesign. Ideally the 
model would include the MEA and it would help determine the types of loads being 
transferred to it during the application of bending and torsion loads. The modelling 
involved an all-aluminium structure (end plates and bipolar plates) with a view to 
progress on to an aluminium and steel structure with the new stainless steel bipolar 
plates being used experimentally (please see Chapters 3 and 4).  
5.2 Coordinate system 
 
For the purpose of clarity figure 5.1 defines the coordinate and definition system 
used within this chapter and throughout this document.  
 
Figure ‎5.1 - Coordinate and definition system employed 
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5.3 Initial simplified model 
 
As a starting point the structural fuel cell assembly was modelled as a single solid 
tapered beam structure (figure 5.2) with the required thickness and length of the 
entire assembly being 15mm and 200mm respectively (two bipolar plates which were 
2.5mm in thickness each and two end plates being 5mm in thickness each – totalling 
15mm).   
5.4 Material specification 
 
The mechanical properties of the aluminium 1050A were used during the simulation. 
A Young’s modulus of elasticity of 69GPa [53] was input with a Poisson’s ratio of 
0.33. 
5.5 Boundary conditions 
 
The fuel cell root boundary conditions were set as “Encastre” – where no 
translational or rotational movement was possible – simulating the cantilever beam 
scenario with the structural fuel cell bolted into the mechanical loading assembly 
(figure 5.3). 
5.6 Loading and additional constraints 
 
It was important for the model and subsequent simulations to mirror the experimental 
process as closely as possible (please see Chapters 2 and 3), therefore the bending 
loads used during the simulation were 9.33N, 53.79N, 98.24N, 142.69N, 187.14N, 
231.6N, 276N, 320.50N, and 364.95N applied as concentrated point loads. The 
simulation loads were representative of the bending loads manually applied during 
Digital Image Correlation (DIC) testing (please see Chapter 3) and the subsequent 
strain gauge experiments discussed later on in this chapter. A loading point was 
created within the model where the loads were applied. The loading point was 
located within the loading hole along what would be the neutral axis in the complete 
assembly (the axis where the MEA would sit, also the axis of symmetry within the 
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assembly). During experimentation the bending loads were applied along this axis by 
using a specially designed loading arm (figure 5.3).  
 
Figure ‎5.2 - Simple structural fuel cell modelled as a single solid structure 
 
Partitions were created around the loading hole on both the top and bottom surfaces 
of the model to simulate the bolt head surface which contacts the fuel cell during the 
application of bending loads. Both these surfaces were connected to the loading 
point by using Multipoint Constraints (MPC). The multipoint constraints allowed the 
load to be applied to the loading point (along the cell neutral axis) and then distribute 
the load to the elements (nodes) on the partitioned surfaces representing the 
experimental work.  Within the model nine steps were created for the nine loads; at 
each step the bending load increased from the minimum load of 9.33N at step one to 
the maximum load of 364.95N at step nine. The boundary conditions remained the 
same throughout all the steps within the simulation. 
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Figure ‎5.3 - The application of bending loads along the cell neutral axis 
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5.7 Simplified model results 
 
The simplified model was used to determine whether the fuel cell structure was 
displacing as a single rigid body (when load is applied) or whether the individual 
components of the structural fuel cell are in fact shearing past each other to cause 
the measured deflections. Figure 5.4 shows the stress (A) and displacement (B) 
results at maximum bending load of 364.95N for the simplified block model of the 
structural fuel cell. The blue section starting from the tip of the cell (figure 5.4A) and 
continuing along the length of the simulation results (as a blue strip) along its 
symmetrical line depicts areas of low stress and the neutral axis where the load was 
applied. Additionally figure 5.4A also shows the areas of high stress (orange and red 
areas) on the top surface of the cell toward the root. High stress in these areas is 
expected as the rear section of the cell is constrained like a cantilever with the 
application of maximum deformation occurring along the top surface of the cell.  
 
 
 
Figure ‎5.4 - Stress (A) and displacement (B) at 364.95N – Maximum bending load 
(Calculated using FE analysis) 
The results show that the maximum displacement at the tip of the cell (location 
nearest to the load) as being only -0.59mm. The experimental results measured with 
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dial test indicators (DTI) and the digital image correlation (DIC) technique (please 
see Chapter 3) indicated a maximum tip displacement of approximately -7.2mm at 
365N of load. There is a clear disparity between the simulated and the experimental 
results with the simulated results being out by at least 90%.  
The simulation results clearly indicate that the simplified block model does not 
recreate the exact experimental conditions which resulted in a maximum 
displacement of -7.2mm at 364.5N of load applied at the tip. It can be concluded with 
high likelihood that the full assembly of individual components and the interaction 
between them, clamping bolt loads, and the method used to apply the bending loads 
would be contributing factors to a more realistic simulation result. Therefore a further 
more detailed model was created.  
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5.8 Detailed model 
5.8.1 End plates and bipolar plates 
 
The new detailed model represented the complete structural fuel cell assembly 
including individual bipolar plates and end plates. Furthermore the contact behaviour 
between the plates and the interaction of the clamping bolts was also incorporated 
into the new model.   In order to reduce the simulation time and to aid in the meshing 
process each component within the structural fuel cell assembly was evaluated for 
relevant complexity in the simulation and then simplified. Figure 5.5 represents the 
actual fuel cell assembly and the simplified version which was used for the FE 
modelling. Each end plate was partitioned into multiple sections (highlighted in red) a 
total of ten partitions were created for each end plate (partitioning helps reduce 
simulation time). The bipolar plates were also partitioned into four sections each. In 
addition to partitioning, radii were removed from the corners of each component, as 
well as from the rib intersections on the end plates. The electrical connector tabs of 
the bipolar plates were also removed as they served no purpose in the FE analysis. 
The simplified model significantly reduced the number of elements created during 
meshing with an increase in mesh uniformity and quality, allowing for more reliable 
simulation results to be achieved.  
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Figure ‎5.5 - Simplification of the fuel cell components 
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5.8.2 Contact behaviour 
 
During the assembly process the contact behaviour of each interactive surface of the 
components was specified. Figure 5.6 depicts the specified contact behaviour 
between each structural fuel cell component. The red surfaces indicate master 
surfaces and the yellow surfaces being slave surfaces. The Master surfaces are rigid 
surfaces with the slave surfaces being the elastic surfaces (Master surfaces transmit 
the load to the slave surfaces). Furthermore the contact property between the 
surfaces is specified as Normal Behaviour – “hard contact” which is an accurate 
contact property for metallic plates making contact [55].   
 
 
 
Figure ‎5.6 - Contact behaviour between the structural fuel cell components 
 
An additional aspect of contact behaviour includes friction coefficient which is a 
resistive penalty which exists between surfaces making contact preventing them 
from sliding. Ideally a friction coefficient would be included in the model with typical 
coefficients for metallic plates ranging from 0.2 to 0.6 [53]. However as the bipolar 
plates have been coated and the exact friction coefficient within the cell is not known 
it was not included in the model.  
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5.8.3 FE sensitivity analysis 
 
Meshing of the components as individual or as an assembly is a key step in finite 
element analysis. In the meshing process the model is subdivided into finite 
elements which are connected with each other via nodes. The network of nodes and 
elements is known as the mesh (figure 5.7). The loads that are applied to the model 
act on nodes within the model [83]. The finite elements are not considered as rigid 
bodies with the assumption that stresses and strains exits within each finite element 
[83]. When meshing a component it can be considered as a shell or solid element. 
Meshing as a shell is typically only used for very thin components / parts [82]. 
The element type, shape, and location, as well as the overall number of elements 
used in the mesh, affect the results attained from the simulation. The greater the 
mesh density (the greater the number of elements in the mesh) the more accurate 
the results become, however as mesh density increases so does the computing time 
required for analysis. The accuracy of the simulation solution is dependent on mesh 
quality and approximations made on model geometry, material behaviour, boundary 
conditions, and loading. 
A mesh sensitivity analysis was conducted to determine at what mesh density 
convergence occurs. Convergence is when the output of the finite element analysis 
converges to a single correct solution. As the mesh density increases, the accuracy 
of the result also increase, however increased mesh density also results in an 
increase in the number of elements and nodes thus also an increase in computer 
processing time. Therefore the mesh sensitivity analysis helps to determine the 
minimal mesh density at which the results obtained from the simulation could be 
considered accurate and correct. Due to the complexity of the structural fuel cell, 4 
node tetrahedral elements (C3D4) which have one integration point were used 
throughout the simulations. All nodes were allowed all 6 degrees of freedom, 
translation in X, Y, and Z, and rotation about X, Y, and Z. 
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Figure ‎5.7 – Mesh components and mesh density 
 
225 
 
Figure ‎5.8 - Maximum average stress with increase in mesh density 
 
The analysis was conducted with mesh densities ranging from 30 thousand (low 
density) to 118 thousand (high density) with a total of eight different densities of 
mesh analysed (Minimum and Maximum mesh density shown in figure 5.7). Figure 
5.8 shows the values for maximum average stress over the entire structural fuel cell 
for 30 thousand elements (Low mesh) to 118 thousand elements (high mesh density). 
It is clearly evident that the slope begins to level out from 67 thousand elements to 
118 thousand elements with the values for maximum average stress between these 
mesh densities not varying significantly from each other - indicating convergence. 
Therefore the optimum mesh density for accurate and correct results is between 67 
and 118 thousand elements. Due to the complexity of each component within the 
structure fuel cell assembly and the interaction requirements of each component a 
mesh density with 118 thousand elements was considered most appropriate.  
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5.8.4 Boundary conditions and steps  
 
The new full assembly model incorporated the same boundary conditions as the 
previous simplified block model with the fuel cell root boundary conditions set as 
“Encastre” (figure 5.9) – where no translational or rotational movement was possible. 
Furthermore the new model also incorporated the nine loading steps from the 
previous model starting from the smallest load of 9.33N in step one and going up to 
the maximum load of 364.5N in step nine.  
 
 
Figure ‎5.9 - Full structural fuel cell assembly boundary conditions 
 
Once again the cell clamping bolt loads and assembly bolt loads (assembly bolts 
attached the structural fuel cell to the mechanical loading assembly) were not 
included in the simulation. 
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5.8.5 Clamping bolt constraints 
 
Multipoint Constraints (MPC) were also used on the bolt holes passing through the 
both end plates and bipolar plates (figure 5.10). The nodes around the circumference 
of each bolt-hole were connected to a node sitting in the centre of each bolt-hole via 
MPC. The inner bolt-hole circumferences of each end plate and the outer bolt-hole 
circumferences of each bipolar plate were connected to node A on one side of the 
structural fuel cell assembly and Node C on the other side of the assembly. Both the 
inner bolt-hole circumferences of the bipolar plates were also connected to node B. 
MPC Link connections were made between each node. The Link MPC’s provided a 
pinned rigid link between the nodes to keep the distance between the nodes 
constant. The displacements in nodes A and B are modified to enforce the distance 
constraint. The Link MPC’s would act like the rigid bolts as the structural fuel cell is 
subjected to bending loads. The multiple MPC connections between each cell 
component ensured that once load was applied all the plates would move in 
conjunction with each other and not independently of each other.  
 
 
Figure ‎5.10 - Multipoint constraints between each bolt hole 
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5.8.6 Detailed model 
 
Table 5.1 below gives the key units and parameters used for all the simulations 1 to 
4 associated with the detailed structural fuel cell model.  
 
 
 
Table ‎5.1 - Units and parameters used for simulations 1 to 4 
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5.8.6.1 Simulation 1 
 
Figure 5.11 shows the stress (A) and displacement (B) results at the maximum 
bending load of 364.95N for the detailed structural fuel cell model. Higher stress 
concentrations can be seen on the top end plate surface of the cell near the rear 
clamping location. Maximum bending is expected around this location resulting in 
higher stresses. Once again the maximum displacement at the cell tip is 
considerably less than that measured for 364.95N of bending load during 
experimentation (-0.97 as compared to -7.2mm). The multipoint constraints used to 
simulate the bolts have insured that all the components within the assembly (End 
plates and bipolar plates), deflect uniformly and are dependent of each other. It is 
believed that the surface interaction properties and the simulation of the bolts are 
contributing factors to the over stiffening of the assembly during simulation.  
 
 
Figure ‎5.11 - Stress (A) and displacement (B) results for detail model 
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5.8.6.2 Simulation 2 
 
Following on from the initial minimal displacement of -0.97mm the interaction 
behaviour between the end plates and bipolar plates were modified within the model. 
Initially the interaction properties for contact behaviour were defined as “finite sliding” 
where only a finite amount of shear based sliding is permitted between the plates. 
This property was further modified to “small sliding” where the contacting surfaces 
(end plates and bipolar plates) can undergo only small shear sliding relative to each 
other. It is clear from figure 5.12 that the simulation results for the modified model  
has produced a much greater maximum displacement of -2.3mm, however it has 
also resulted in very unusual bending behaviour. The results show that some shear 
behaviour is occurring within the simulation with the two inner plates (bipolar plates) 
sliding past each other. Although the interaction behaviour of all the contacting 
surfaces where set as “small sliding” due to the MPC used at the loading location the 
end plates were not allowed to slide like the bipolar plates and therefore resulting in 
the unusual bending within the solution. It is clear from the results that the method 
used to apply the bending loads and the contact behaviour between the boltholes 
has a direct impact on displacement.   
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Figure ‎5.12 - Unusual bending results 
 
For the purpose of simulation progression the load location was modified with the 
bending loads applied on top of the loading hole via a multipoint constraint instead of 
the neutral axis. It was clearly evident from the previous results that relative 
displacement of the bipolar plates was a key factor to the structural fuel cells 
displacement therefore further modifications included the reduction in the number of 
multipoint constraints used for the bolt holes. Figure 5.13 shows the new modified 
multipoint constraints between each plate in the assembly. MPC’s connecting the top 
bipolar plate to the end plate and nodes A and B were completely removed - allowing 
the bipolar plates to slide freely in the bending direction whilst also remaining 
“Encastre” at one end. Additionally the MPC connecting the bottom bipolar plate to 
Node C was also removed allowing one of its surfaces to slide freely in the bending 
direction.  
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Figure ‎5.13 - Modified multipoint constraints between each bolt-hole 
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5.8.6.3 Simulation 3 
 
Figure 5.14 shows the displacement results for the structural fuel cell assembly with 
the reduced multipoint constraints. Clearly evident from the result is the conventional 
bending of all the plates in one direction and not the unusual deformation result 
illustrated in figure 5.12. This can be attributed to the change in bending load 
location from the neutral axis to the top of the loading hole. The new interaction 
conditions, reduction in multipoint constrains, and change in loading location have 
allowed for both the bipolar plates and end plates to slide past each other resulting in 
a maximum displacement of -5.1mm - 70% of the actual measured deflection of -
7.2mm at 364.9N of bending load.  
 
 
 
Figure ‎5.14 - Modified multipoint constraints between each bolt-hole 
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The gradual modifications of the constraint conditions for the bolt holes and their 
relationship with the individual components within the detailed model assembly has 
led to an increase in cell deflection which is closer to the actual measured deflection. 
Figure 5.15A gives a detailed breakdown of the bolting arrangement used during the 
general assembly of the structural fuel cell. Notable within the illustration are clear 
areas within the assembly where some of the plates are constrained and others are 
not. The bolting arrangement constrains the top end plate with the bolt head and 
bush along with the bottom end plate as the bolt is screwed into a thread. The bolt 
hole passing through the bipolar plates is a through hole with no connection being 
made between the bolt and the hole and therefore allowing the inner and outer 
surfaces of the bipolar plates to shear in the bending direction. Figure 5.15B show 
the replication of the bolting conditions within the model with the additional removal 
of MPC’s to allow the bipolar plates to shear past each other during bending – as 
they do in the experimental setup.  
For the model to reflect the method in which bending loads were actually applied 
experimentally the load must be applied along the cells neutral axis (figure 5.16A). 
Therefore the loading location was changed back to the neural axis with multipoint 
constraints used to connect the top bolt head surface (partitioned surface) to Node A 
located centrally of the bolt hole and the bottom nut surface (partitioned surface) to 
Node C located at the centre of that bolt hole (figure 5.16B). Like the clamping bolt 
simulation Node A and Node B were connected to Node C via multipoint link 
constraints. Node C sat on the neural axis and the bending loads were directly 
applied to this node.  
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Figure ‎5.15 - Actual bolt and model bolt-hole constraint conditions 
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Figure ‎5.16 - Bending load application conditions changed 
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5.8.6.4 Simulation 4 
 
Changing the clamping bolt constraint conditions to the actual clamping conditions 
when the structural fuel cell was assembled along with changes to the constraint 
around the loading location on the neutral axis had a direct impact on the simulation 
results (table 5.2). Figure 5.17 shows the displacement results for the bending loads 
applied in three of the nine simulation steps.  
 
 
Figure ‎5.17 - Displacement in the bending plane at 53.79N, 231.6N, and 364.95N 
 
 
Table ‎5.2 - Simulations performed 
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Simulation 4 
Load (N) Measured Simulated  Difference 
9.33 0.1 0.17 86% 
53.79 0.6 0.98 68% 
98.24 1.3 1.7 36% 
142.69 2 2.6 33% 
187.14 2.9 3.4 16% 
231.05 3.9 4.2 7% 
276.05 5.1 5 -2% 
320.5 6.3 5.8 -8% 
364.95 7.2 6.6 -8% 
 
Table ‎5.3 - Comparison of bending load displacements 
 
Table 5.3 shows a comparison of the simulated bending load displacement values 
for the nine loading steps against the measured displacements for the same loads. 
Clearly evident from the results is the large discrepancy between measured and 
simulated for the lowest two loads. The simulated displacement results for bending 
loads of 9.33N and 53.79N were 86 and 68% higher than the measured values. 
However as the load increase with each step the simulation produces more accurate 
results with displacement results being within 2% of measured at 276.05N bending 
load. The final two displacements of -5.8mm at 320.5N and -6.6mm at 364.95N of 
bending loads are within 8% of their measured displacement of -6.3mm and -7.2mm. 
The displacement behaviour of the assembly in the Z plane at maximum bending 
load is illustrated in Figure 5.18. The figure shows how the top end plate extends (A 
– maximum elongation 0.18mm) and the bottom end plate contracts (B – maximum 
contraction -0.19mm) as the bending load is applied. This type of behaviour can be 
expected as the top section of the assembly is under tension and the bottom section 
is under compression.   
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Figure ‎5.18 – Displacement (mm) of the assembly in the Z plane at 364.95N 
 
The simulation results illustrate areas of high stress concentration (figure 5.19) within 
the assembly during the application of maximum bending load of 364.95N. The 
areas near and around the bolt holes towards the middle and rear of the cell (section 
A) appear to be under higher stresses then other areas of the cell with maximum 
stresses being around 95MPa – maximum bending occurs around this area and 
therefore higher stresses. Areas around the loading hole also appear to be under 
higher stress which can be expected as the bending load is distributed over the 
partition around the loading hole. Furthermore the tips of the bipolar plates (section B 
and C in the Y plane) also appear to show very high stress concentration of up to 
189MPa in small localised areas. 
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Figure ‎5.19 - Stress concentrations at maximum bending load of 364.95N 
 
Further high stress concentration can be found around the bolt holes (figure 5.20) at 
maximum bending load in the Z plane (direction of elongation of the cell) with 
maximum stresses being around 149MPa. High stresses can be expected around 
the bolt holes as the load is making the cell bend like a cantilever beam the bolt 
holes are being forced to change shape and elongate.  
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Figure ‎5.20 - Stress concentrations at 364.95N in the Z plane 
 
 
 
 
 
 
 
242 
5.9 Model validation 
5.9.1 Strain values 
 
For model validation strain measurements were taken from the simulations and 
these were directly compared with the measured strain values (Chapter 3) at the 
different bending loads. The strain values extracted from the simulation (elements 
selected along the top and bottom section of the simulated structural fuel cell) were 
taken from the same locations where strain gauges were attached to the structural 
fuel cell during experimentation. Table 5.4 shows a comparison between the 
measured strain and the simulated strain at the four locations on the top end plates. 
All the strain values are positive as can be expected with the top end plate in tension 
during bending.  
 
 
Load (N) 
 
54 98 143 187 232 276 320 365 
SG – A                 
Measured 3.59E-05 6.73E-05 6.32E-05 6.58E-05 6.85E-05 6.81E-05 6.74E-05 6.44E-05 
FE 5.33E-06 9.73E-06 1.41E-05 1.85E-05 2.29E-05 2.73E-05 3.18E-05 3.62E-05 
% Diff -85% -86% -78% -72% -66% -60% -53% -44% 
SG – B                 
Measured 4.92E-05 1.01E-04 1.35E-04 1.71E-04 2.06E-04 2.40E-04 2.73E-04 3.04E-04 
FE 4.70E-05 8.59E-05 1.25E-04 1.64E-04 2.02E-04 2.41E-04 2.80E-04 3.19E-04 
% Diff -4% -15% -7% -4% -2% 1% 3% 5% 
SG – C                 
Measured 9.06E-05 1.73E-04 2.44E-04 3.15E-04 3.87E-04 4.54E-04 5.20E-04 5.78E-04 
FE 9.17E-05 1.67E-04 2.43E-04 3.19E-04 3.95E-04 4.71E-04 5.46E-04 6.22E-04 
% Diff 1% -3% -0.4% 1% 2% 4% 5% 8% 
SG – D                 
Measured 8.14E-05 1.62E-04 2.35E-04 3.06E-04 3.79E-04 4.51E-04 5.25E-04 5.97E-04 
FE 8.77E-05 1.60E-04 2.33E-04 3.05E-04 3.78E-04 4.50E-04 5.23E-04 5.95E-04 
% Diff 8% -1% -1% -0.2% -0.3% -0.3% -0.4% -0.4% 
 
Table ‎5.4 – Strain gauge results for the top end plate of the structural fuel cell 
(Simulation 4) 
The strain values from the simulation for locations SG-B, SG-C, and SG-D are well 
within 10% of the measured strain values for almost all load cases. When the 
bending loads are at or above 187N the simulated strain values are exceptionally 
close to the measured results for locations SG-B, SG-C, and SG-D. The simulated 
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strain values are well within 5%, and in some cases within 1% of the measured strain 
values (Location SG-D 232 to 365N of bending load).  
However for location SG-A at all load cases the simulated strain values are 
considerably lower than the measured strain (at this location) with the values being 
out by more than 60% in almost all load cases. The accuracy of the simulated values 
do increase as the load increases, however at maximum load the simulated strain 
value are still 44% less than the measured strain at this location. Upon examining 
location SG-A within the simulation it was noted that the region was a transient strain 
region where the strain values changed considerably between elements in a 
localised area. Therefore the element selected for the extraction of strain values (in 
the simulation) within this region could have a significant impact on the accuracy of 
the comparisons between simulated and measured strain.  
 
 
Load (N) 
 
54 98 143 187 232 276 320 365 
SG – A                 
Measured 6.46E-06 -3.15E-05 -6.12E-05 -7.82E-05 -7.99E-05 -8.98E-05 -8.75E-05 -9.33E-05 
FE -2.87E-05 -5.24E-05 -7.62E-05 -9.99E-05 -1.24E-04 -1.47E-04 -1.71E-04 -1.95E-04 
% Diff -544% 66% 24% 28% 55% 64% 96% 109% 
SG – B                 
Measured -1.05E-05 -8.48E-05 -1.48E-04 -2.04E-04 -2.35E-04 -2.96E-04 -3.36E-04 -3.77E-04 
FE -1.21E-05 -9.73E-05 -1.41E-04 -1.85E-04 -2.29E-04 -2.74E-04 -3.18E-04 -3.62E-04 
% Diff 16% 15% -5% -9% -2% -7% -5% -4% 
SG – C                 
Measured -9.76E-05 -2.31E-04 -3.42E-04 -4.44E-04 -5.22E-04 -6.35E-04 -7.25E-04 -8.15E-04 
FE -9.67E-05 -1.77E-04 -2.56E-04 -3.36E-04 -4.16E-04 -4.96E-04 -5.76E-04 -6.56E-04 
% Diff -1% -24% -25% -24% -20% -22% -21% -20% 
SG – D                 
Measured -1.46E-04 -2.86E-04 -4.07E-04 -5.21E-04 -6.10E-04 -7.40E-04 -8.42E-04 -9.43E-04 
FE -1.89E-04 -1.68E-04 -2.45E-04 -3.21E-04 -3.97E-04 -4.73E-04 -5.49E-04 -6.25E-04 
% Diff 30% -41% -40% -38% -35% -36% -35% -34% 
 
Table ‎5.5 – Strain gauge results for the bottom end plate of the structural fuel cell 
(Simulation 4) 
Table 5.5 shows a comparison between the measured strain and the simulated 
strain at the four locations (Chapter 3) on the bottom end plates. All the strain values 
(measured and simulated) are negative as is expected with the bottom end plate in 
compression during bending. The simulated strain values for location SG-B 
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produced the best results with the values being within 10% of the measured results 
for almost all load cases with the accuracy increasing as the load increases. For 
most load cases the simulated results for location SG-C were within 25% of the 
measured values and as the load increased the simulated values improved. The 
simulated strain values for location SG-D for the bottom end plates were not as 
accurate as those for the top end plate at the same location with values being at 
least 30% less than the measured strain for all load cases. It is believed that the 
discrepancy in values is a function of the sliding deformation. The strain values at 
location SG-A were not as accurate as those measured at the other three locations 
within the simulation. Once again it was noted that location SG-A was a transient 
strain region (within the simulation) where the strain values changed considerably 
between elements in a localised area. Therefore the element selected for strain 
values within this region could have a significant impact on the accuracy of the 
comparisons. 
 
5.9.2 Load verses displacement 
 
Figure 5.21 clear illustrates the gradual progression of the simulation results for the 
detailed fuel cell model. The displacement measurements were taken at the loading 
location. The various changes to the constraint conditions, interface behaviour (finite 
sliding and small sliding), and changes to the bending load application conditions 
have progressively brought the simulation results closer to the actual measured 
results. The simulated displacement of -6.6mm (At maximum bending load of 
364.95N) is within 9% of the actual measured displacement of -7.2mm at 364.95N 
(Chapter 3). Considering the strain gauge results in tables 5.4 and 5.5 along with the 
figure 5.21 it can be concluded that the final simulation is within a margin of error of 
the actual behaviour of structural fuel cell (without the clamping bolts) under bending 
loads.  
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Figure ‎5.21 - Progression of FE simulations in comparison to measured results 
 
One of the most striking aspects of the figure 5.21 is the highly non-linear behaviour 
of the fully bolted (clamped) structural fuel cell assembly (measured results) when it 
is being subjected to bending loads. In comparison the simulation results without the 
bolt loads are extremely linear and easily predictable. It is clear from the FE 
simulations that a combination of coefficient of friction between the plates, clamping 
bolt loads, and coefficient of friction between the bolts and bolt holes contribute to 
the highly non-linear behaviour of the structural fuel cell when bending loads are 
applied. Furthermore the FE simulations clearly show that the structural fuel cell 
does not act as one rigid body but each component within the assembly (end plates 
and bipolar plates) actually shears past each other during the application of bending 
loads.  
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Chapter 6 – Conclusions and future work 
6.1 Conclusions 
 
Fulfilment of research aim and objectives: Research was conducted into the 
feasibility of developing and testing a polymer electrolyte membrane (PEM) fuel cell 
as a multifunctional structure. The fuel cell was designed to mimic the rear rib 
section of an aircraft wing. Due to the unique geometry of the cell, custom MEA’s 
had to be made in house. A mechanical loading platform was also designed and built. 
The structural fuel cell was tested under mechanical bending and torsional loads 
both statically and dynamically. The performance of the cell was evaluated under the 
various loading conditions. The following conclusions can be drawn from the 
research: 
MEA: It is clear from the experimental results that an MEA shaped as a triangle with 
a large pointed tip is not suitable for multifunctional structural fuel cell applications. 
The pointed tip is a natural location of mechanical weakness and with the bending 
and torsional loads applied near this location over the period of 2000 dynamic cycles 
it sustained considerable damage resulting in substantial power losses. In addition to 
this some damage did occur to the tip during assembly and disassembly – the 
location was extremely fragile. The novel geometry of the structural fuel cell could 
have been maintained whilst employing a narrow rectangular MEA. In addition to this 
the results of experiments carried out during the manufacturing process indicate that 
the IPA and Nafion solution mixture should be mixed in a sonic bath for no less than 
30 minutes. 
Contact pressure: High interfacial contact resistance has a direct impact on Ohmic 
resistance (polarisation) and mass transfer polarisations. High electrical resistance 
results in cell voltage losses similar to that observed with the initial MEA’s. Following 
experiments with a range of gasket thicknesses and bolt clamping torques it was 
concluded that 4N/m of torque per clamping bolt with a 0.7mm thick gasket was 
adequate to reduce interfacial contact resistance whilst maintaining cell gas 
tightness improving cell performance and preventing damage to the MEA.  
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Corrosion: It was found that marine grade stainless steel was a good alternative to 
the corrosion problems associated with aluminium bipolar plates. The stainless steel 
bipolar plates were used with a coating system of wood nickel strike, followed by 
5µm intermediate coat of silver and 2µm of gold as the top coat. In addition to the 
coated stainless steel bipolar plates a Polytetrafluoroethylene (PTFE) tape (Which is 
non-reactive in corrosive environments) was applied to each bipolar plate post 
coating application. The PTFE tape was selectively applied to locations where the 
MEA electrolyte membrane overlap would have been in contact with the bipolar plate 
surface (Chapter 4). The stainless steel plates with the protective coating system 
and the PTFE tape proved to be extremely successful in preventing corrosion and 
permitted all the experiments to be conducted without any further corrosion issues.  
Static bending: It can be concluded that the application of a single static bending 
cycle from 0 to ±7mm of deflection can lead to permanent change in the MEA’s 
ability to produce power with unrecoverable peak power loss. A total decline in peak 
power performance was 3.9% from 5.5 watts to 5.3 watts. It was clear that even a 
single static bending cycle with a deflection of ±7mm had resulted in some form of 
permanent damage to the structural fuel cell MEA.  
Static torsion: The static torsional loading results appear to show that the torsional 
loads had a limited impact on the structural fuel cells peak power performance. As 
the torsional loads were increased the cells performance decreased but not 
significantly from 6.2 watts to 6.1 watts (2%).  
However a single MEA was also tested with multiple torsional loading rounds. The 
cell peak power performance loss was marginally higher at 4% from 6.2 watts to 6 
watts but still only 0.2 watts. It is clear that even though the peak power losses for 
static loading both in bending and torsion were not significant they were still 
permanent and therefore even a single loading cycle could result in fretting fatigue of 
the MEA.  
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Dynamic bending: It has been established from the experiments that dynamic 
bending does have a significant impact on the structural fuel cells performance due 
to fretting fatigue of the MEA. The following specific conclusions can be drawn from 
the results:  
 For real world applications a peak power loss of 41% from 7.2 watts to 5 watts 
is not acceptable and therefore the structural fuel cell would not be suitable for 
structural applications where the deflection is expected to be ±7mm over 2000 
cycles or more. 
 Experiments involving ±5mm of deflection resulted in a 23% permanent loss 
in peak power performance from 6.3 watts to 4.8 watts after 2000 cycles, 
which is still considered to be excessive.  
 However the least decline in cell performance was with the experiments 
involving ±3mm of deflection over 2000 cycles. The cell performance dropped 
11% from 6.7 watts to 6 watts. The ±3mm deflection experiment produced the 
most promising results. It is believed with a redesign in the MEA to a 
rectangular shape the structural fuel cell could be used in real world 
applications where the deflection is expected to be ±3mm or less. 
 Furthermore the experimental results appear to show that the threshold of 
peak power losses is below 1000 cycles with all three bending loads incurring 
maximum peak power losses between 500 and 1000 cycles.  
Dynamic torsion: Similar to the dynamic bending experiment as the dynamic 
torsional loading increased the structural fuel cells peak power performance 
decreased. The following specific conclusions can be drawn from the results: 
 During the 5° torsional loading experiment the cell peak power performance 
drops by 30% from 6.4 watts to 4.3 watts. It is clear that the application of 5° 
of torsional load and the resultant loss in fuel cell performance would not be 
acceptable for real world applications. 
 At 3° of torsional loading the fuel cell lost 16% in peak power performance 
from 6 watts to 5.1 watts after 2000 cycles. The difference between the two 
results is a greater loss of 14% at 5° than 3°. It may be possible to improve 
the performance of the structural fuel cell when it is subjected to 3° of 
torsional load with an improved rectangular MEA.  
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6.2 Future works 
 
Finite element analysis  
 
Unfortunately due to time constraints it was not possible to develop the model further. 
However if the model were to be developed further the following areas would be 
considered: 
Inclusion of the clamping bolts and clamping loads within the simulation with a view 
to simulate the non-linear displacement behaviour illustrated in Chapters 3 and 5. 
This would include the correct coefficient of friction between the bipolar and end 
plates as well as the coefficient of friction for the clamping bolts. The coefficient of 
friction for the clamping bolts would have to change during tightening of the bolts 
within the simulation.    
Developing the model to include dynamic bending loads, along with static and 
dynamic torsional loads would also be greatly beneficial for the experimental work 
carried out in this area of research 
In addition to this future work would also be to include the membrane electrode 
assembly (MEA) into the model. Simulating the fatigue of the MEA whilst it is being 
subjected to both static and dynamic bending and torsional loads would be an area 
of great interest when considering structural fuel cells. 
The model would be completed by including some form of power generation allowing 
the performance of the structural fuel cell under both static and dynamic bending and 
torsional loads to be simulated and compared to the experimental results. 
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Structural fuel cell 
 
Due to the limited amount of MEA material available it was not possible to make 
enough MEA’s to repeat the dynamic bending and dynamic torsion experiments. 
Therefore future work should include the purchase of more MEA material to repeat 
the dynamic bending and dynamic torsion experiments. In addition to this the 
following areas would be considered for future work:  
The structural fuel cell could be simplified further with the flow channels integrated 
into the end plates so there would be no need for the additional bipolar plates. Either 
the plates themselves could be used for current collecting or a thin peace of sheet 
metal could be used for current collection between the two plates. Although the new 
arrangement would provide some electrical insulation challenges it would reduce the 
number of components within the assembly and thus reduce the possibility of 
alignment and gas tightness issues. 
Redesign and manufacture or purchase off the shelf of narrow rectangular MEA’s to 
be used in the structural fuel cell. The new MEA’s would be used to repeat the static 
and dynamic experiments conducted in this research. The effect of MEA geometry 
could then be compared with cell performance under the various loading conditions.  
Currently the flow field pattern in the structural fuel cell bipolar plates is not optimised 
for its geometry and therefore optimisation of the flow field would greatly improve 
future cell performance. 
Research, redesign and manufacture of the structural fuel cell with alternative 
materials which significantly reduce the cell weight whilst maintaining electrical 
conductivity and corrosion resistance. 
Performing dynamic loading experiments where the structural fuel cell would be 
subjected to both bending and torsional loads immediately after each other. A 
comparison of the above results with the results achieved in this research would be 
extremely useful for real world applications. 
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The number of loading cycles performed during future dynamic loading experiments 
should be increased significantly to closely reassembly real world fatigue testing 
which is within the range of hundreds of thousands if not millions of cycles.       
Eventually a single cell or multiple cells (separate individual cells – not a stack) could 
be integrating into various locations along the length of a UAV wing structure 
(providing the structural cell has been designed light enough). The fuel cell(s) could 
provide some power to a subsystem and their performance evaluated throughout 
various flight cycles. By having the fuel cells at different locations it would be 
possible to determine the effect of real world loads on the fuel cells performance as 
well as determining the optimal mounting location for the structural fuel cell.  
 
Publications 
 
 W. A Bhatti, R. H Thring, P. R Cunningham, 2014, Preliminary work 
associated with the structural integration of a PEM fuel cell into an unmanned 
aerial vehicle (UAV), 20th world hydrogen energy conference Korea.  
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ABSTRACT 
The size and weight of fuel cell stacks can be problematic when it comes to their integration. Typically for Unmanned 
Aerial Vehicle (UAV) applications fuel cell stack size and weight is critical to the overall aircraft weight, sizing 
design and performance. In order to help minimize the impact of the stacks size / weight research is being conducted 
into the structural integration of fuel cells. The fuel cell would not only provide electrical power to the vehicle but 
would also become part of a load-bearing structure within the vehicle (replacing the original structure) and thus 
reducing overall vehicle weight. A custom single structural fuel cell has been designed and manufactured, along with 
custom membrane electrode assemblies (MEA) which have an active area of 25cm
2
. This paper discusses the design 
and development of the above mentioned cell along with initial results and future experimental work to be performed. 
 
Keywords: Polymer Electrolyte Fuel Cell (PEM), Unmanned Ariel Vehicle (UAV), Corrosion.  
 
1. Introduction 
Unmanned aerial vehicles (UAVs) are a subject of interest 
among the aerospace community (military and civil) due 
to the extreme flexibility they can provide. UAVs have the 
potential to accomplish a variety of telecommunications, 
reconnaissance and remote sensing missions. Long-
endurance UAVs can exhibit lower capital costs, faster 
mission cycle time and greater mission adaptability [1]. 
Polymer electrolyte membrane (PEM) fuel cell power 
plants are powered by compressed or liquefied hydrogen, 
and have particular advantages over other technologies 
available for long-endurance aircraft because fuel cell 
systems can exhibit high specific energy, high efficiency 
and can be incorporated into rechargeable energy storage 
systems [2]. 
 
Power-to-weight ratio (Specific power) is a frequently 
used indicator of aircraft performance. The challenge for 
aircraft fuel cell power systems is that they are generally 
considered as having low specific power (W kg−1) with a 
typical example being 52 Wkg-1 for a 150W hybrid 
system [12]. Therefore there is mismatch between fuel cell 
power systems and the aircraft requirements. In order to 
maximise aircraft specific power and consequently aircraft 
performance strict limits on power consumption and the 
weight of fuel cell power systems must be imposed. Fuel 
cell powered aircraft are therefore highly constrained 
designs with high efficiency propulsion systems, low 
power payloads, high efficiency airframes, and low weight 
structures [2][3]. 
 
1.1 Current fuel cell systems 
Literature has shown that considerable research has been 
conducted in the area of hydrogen supply/storage for 
portable applications such as UAV’s with the most recent 
work involving chemical hydride carriers. These carriers 
remove the need for heavy pressure vessels and therefore 
reducing system weight. For this type of fuel cell system 
the fuel cell stack now becomes the main weight 
contributor (Figure 1). Current studies involve the use of 
alternative materials in order to reduce stack weight and 
meet all other requirements. In addition to this the layout 
of the system is often determined by the large bulky fuel 
cell. With fuel cell stacks traditionally being cubes / 
  
cuboids and occasionally cylindrical in shape there is a 
limitation in where they can be located. In some cases 
UAV fuselages have been determined by the size of the 
fuel cell stack and not by the best optimum aerodynamic 
design. Therefore alternative fuel cell shapes and methods 
of integration (for ease of integration) and their respective 
performance have been highlighted as a unique area for 
research. 
   
Figure 1 – Weight breakdown of a fuel cell system        
using chemicall hydride based hydrogen generation. 
 
1.2 Structural fuel cell concept  
Extensive research is been undertaken to find alternative 
fuel cell bipolar and end plate materials in order to reduce 
overall weight. An alternative approach to this problem is 
to structurally integrate the fuel into the airframe. The fuel 
cell could replace conventional struts, spars; ribs 
(Aerofoils), or a combination of either within the wing 
structure (possibly even wing skin) of a UAV. In operation 
the stack would be subjected to the same mechanical and 
aerodynamic loads as conventional wing structures. 
Therefore the wing structure would have to meet the 
requirements for structural integrity / rigidity but 
additionally also provide the aircraft’s power requirements 
as a conventional fuel cell system. This approach would 
result in a significant reduction of overall aircraft weight 
and the creation of additional space (space within the 
fuselage previously occupied by the fuel cell stack) which 
could allow for greater payloads (Sensors/cameras – 
subject to power requirements), extra fuel, or simply a 
lighter aircraft. The principle is to design the fuel cell 
system into the aircraft rather than choosing/designing an 
airframe which can accommodate a bulky stack. If a fuel 
cell stack could be designed into any shape it could be 
placed anywhere within any type of vehicle or simply 
designed around the vehicle’s shape. 
 
 
1.3 Fuel cell aerofoil 
The wing rib (part of the wing aerofoil structure) structure 
was selected as a component within the airframe to be 
replaced with a fuel cell (Figure 2); it is one of the most 
complex shapes within an airframe and would also result 
in a unique fuel cell which has distinctive mechanical 
requirements. Aerofoil structures are designed to specific 
aerodynamic shapes and must also be able to take the 
aerodynamic and mechanical loads making them a key 
part of the airframe. 
 
 
Figure 2 – Fuel cell replacement of the Rear Rib 
structure highlighted in red. 
 
When considering replacing a component within an 
airframe it is important for the replacement (fuel cell) 
structure to be able to withstand the loads to which it will 
be subjected, and additionally in the fuel cell case the 
structure must also provide power for the vehicle. The 
research was designed to investigate the mechanical / 
structural loading of the fuel cell and thereby determining 
its performance under load. The experimental setup and 
key components of a structural fuel cell where designed. 
In addition to this a new test rig assembly was designed 
and manufactured for the purpose of structurally loading 
the fuel cell. 
 
* Corresponding author. Tel.:+44-(0)1509-227248, E-mail 
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2. Experimental procedures 
 
2.1 Structural fuel cell design 
A single structural fuel cell was designed which was based 
on a conventional clamping arrangement of End plate, Flow 
field plate, Membrane Electrode Assembly (MEA), Gasket, 
Flow field plate, Endplate. The end plates and flow field 
plates where designed and manufactured from aluminium. 
Aluminium is the material typically used for most aircraft 
  
structures as it is much lighter than steel. Also aluminium 
has a lower modulus of elasticity (70GPa) and tensile 
strength (up to 310MPa) compared to steel (193GPa and 
600MPa respectively) which is beneficial when considering 
the loads that would be required in order for deflection to 
occur [4][5].             
 
 
Figure 3 – Structural fuel cell End plate. 
 
The End plate (Figure 3) were designed to incorporate a 
large loading pin hole at the top of the plate, four smaller 
holes for bolting on to the rig assembly, and twelve 
clamping bolts which would clamp all components of the 
cell together. Additionally during design iterations further 
material was strategically removed from the plates equating 
to a reduction in wall thickness from 5mm to 3mm and the 
addition of stiffening rids intersecting at 45°.  
 
 
Figure 4 – Structural fuel cell Flow field plate. 
 
The Aluminium Flow field plates (Figure 4) serve a dual 
purpose which includes flow channels to provide efficient 
transportation of gases (Hydrogen and Oxygen) over the 
gas diffusion layer and subsequently over the membrane 
electrode assemble (MEA). In addition to being used for the 
transport of gases they also serve as current collectors. The 
plates are designed with two tabs which are used for current 
collection. 
Surface area is an important aspect of the design of bipolar 
plate flow field as it directly influences the mass transport 
efficiency and electrical conductivity of the plates. As the 
total flow field area equals the sum of the surface area of 
channels and the land area (which is the contacting area 
between flow field plates and the gas diffusion layer). A 
larger surface area of channels would be good for mass 
transport but would also reduce the conduction of electricity 
and eventually affect the fuel cell’s performance. Therefore, 
a trade-off between mass transport and electrical 
conductivity is needed for the channel surface area. Taking 
75% as the total flow field area is considered acceptable [6]. 
 
                                    (1)    
Where  is the flow channel area and A is the total 
surface area for flow available for the flow channels [6].  
 
For simplicity the flow channels were designed to be single 
channel serpentine with a constant 1mm in width and depth 
and the land width between the channels being 0.8mm. 
 
 
2.2 MEA manufacture 
Due to the unusual shape of the Structural fuel cell custom 
Gaskets and Membrane Electrode Assemblies were 
required (Figure 5 below). The Gaskets were manufactured 
from Neoprene using a CNC cut template.  
 
 
 
 
 
 
 
 
 
 
 
Figure 5 – Custom MEA’s and Gaskets. 
  
 
The Membrane Electrode Assembly (MEA) and Gas 
Diffusion Layer (GDL) were manufactured with support 
from the University of Birmingham’s fuel cell lab. The 
membrane for the assembly was chosen to be DuPont 
Nafion 212 which is manufactured from perfluorosulfonic 
acid / PTFE copolymer in H+ acid form and has high 
chemical resistance and durability [7]. Nafion membranes 
are widely used for PEM fuel cells and allow the selective 
transportation of species across cell junctions.  
The MEA’s were manufactured with a platinum loading of 
0.5mg/cm
2
 as this was commercially available at the time 
and reproducibility of the results could be ensured. In order 
to simplify the process the MEA and GDL were purchased 
as an assembled Gas Diffusion Electrode (GDE) additional 
materials included Nafion solution (10wt %), and 
Isopropanol.    
The active area of the MEA was designed to be 25cm
2
 with 
a membrane overhang of approximately 11mm (the average 
membrane overhang for most MEA is 10mm)[8]. The 
gasket was designed to sit on the 11mm membrane 
overhang providing sealing for the cell (Figure 5). The 
gasket also sits above the gas inlet and outlet holes of the 
flow field plates preventing the gases from passing through 
the membrane upon entry into cell and instead forcing the 
gases through the flow channels. 
 
2.2.1 GDE misalignment 
One of the challenges faced during the manufacture of the 
MEA’s was the misalignment of the GDE’s each side of the 
membrane, even though extra care was taken in inspecting 
the assembly prior to hot pressing, movement during the 
manual handling of the assembly did cause misalignment. 
The most extreme case is illustrated in Figure 6. This 
particular MEA was subsequently used as an initial test 
specimen when testing the fuel cell for sealing and initial 
operation. The process was improved by placing the MEA 
assembly unit next to the hot press which minimised transit 
time and reduced the probability of the GDE’s moving 
whilst in transit between the MEA assembly unit and the 
hot press.    
 
 
Figure 6 – GDE misalignment. 
 
2.3 Experimental Setup 
The experimental setup for this study is represented in 
Figure 7. It is composed of the balance of plant which 
includes; Pressure control valves for gas control from the 
gas cylinders, Mass flow controllers, Pressure transducers, 
Hydrogen and Oxygen humidifiers, Temperature controllers 
for each humidifier, Heating elements which are attached to 
the structural fuel cell end plates, and an electrical load 
bank. The mass flow controllers, Pressure transducers, and 
temperature controllers have a feedback to the Data 
acquisition and control unit. Mass flow rates and 
temperatures for the humidifiers and heating elements are 
also controlled from the Data acquisition and control unit. 
The pressure control valves are used to control inlet gas 
pressure and system back pressure is controlled by the 
outlet control panel (outlet control panel not shown in 
Figure 7).  
 
Nitrogen is used to purge the system, (to remove 
contaminates and water produced in the Anode) and is 
controlled through the hydrogen mass flow controller and 
pressure transducer. Water produced by both the Anode and 
Cathode is collected (Not shown in Figure 7) and is used to 
replenish the humidifiers. The experimental setup is an 
Open loop system with all gases exiting the structural fuel 
cell expelled to the atmosphere. 
 
A custom Steel frame was recycled and modified to provide 
a stable and rigid base for the fuel cell mechanical load 
assembly. The assembly includes a Steel base plate which is 
bolted to the frame and two different Steel posts which are 
bolted to the Steel base plate. The posts were designed to 
allow for the manipulation of the structural fuel cells 
orientation for the application of bending and torsion loads.                
 
Figure 7 – Experimental setup. 
  
 
3. Results and discussion 
3.1 Initial run 
The initial step in the experimental setup involved 
activating each MEA. Initially the MEA was immersed in 
deionised water over night (As part of the MEA hydration 
process) it was then assembled as part of the structural fuel 
cell including Flow field plates, Gasket and End plates. The 
assembly pressure used at this point was sufficient pressure 
to prevent gas leakage. The assembled structural fuel cell 
was bolted to the mechanical load assembly and then 
connected to the experimental setup shown in Figure 7. The 
fuel cell was then run (No mechanical load applied) with a 
constant adjustment in current under steady gas flow 
conditions initially at room temperature and then at 60°C 
(electric heat pads were used to help achieve this 
temperature). To complete activation of the MEA 25 rapid 
polarisations curves (which should include 25 steps per 
curve) were required however due to the poor performance 
of the cell the tests had to be terminated early. Initially it 
was believed that the MEA may have been faulty. A total of 
five MEA’s were run for approximately five hours each and 
new MEA portrayed poorer performance than the previous. 
Within the batch of five MEA’s tested the first produced the 
best results with a maximum power of 2.1W at 4.6 Amp 
and 0.46 Volts (0.9 Volts open circuit).  
 
3.2 Investigation 
Following the structural fuel cells poor performance it was 
disassembled and examined. Unknown material deposits 
were clearly evident on both the MEA surface and 
extensively on the surface of each flow field plate as shown 
in Figures 8 and 9.  
 
    
Figure 8 – Deposites on MEA and Gasket. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9 – Anode and Cathode flow field plate show 
significant build-up of unknown material on the surface. 
 
Following the discovery of the material deposits Scanning 
Electron Microscope (SEM) and Energy Dispersive X-ray 
Spectroscopy (EDS) were used to determine the 
composition of the deposits along with percentage 
composition of each deposit. Three samples were tested one 
each from the Anode and Cathode and also one from the 
MEA. 
 
3.2.1 SEM and EDS results 
Multiple sections on the surface of each component (Anode 
Cathode, and MEA) were selected for SEM analysis Figure 
10. 
  
 
 
 
 
 
 
  
 
 
 
 
Figure 10 – SEM image of selected location on Cathode 
surface. 
 
  
 
Figure 11 – E.D.S spectrum analysis of deposits on cathode 
surface. 
 
Figure 12 – E.D.S spectrum map of deposits on the selected 
location of the Cathode surface. 
Cathode 
Symbol Compound Weight % Atomic % 
C CaCO3 12.65 19.88 
O SiO2 40.21 47.45 
Al Al2O3 45.25 31.67 
CI KCI 1.89 1.01 
Additional material on Anode 
F MgF2 46.85 42.91 
S FeS2 0.52 0.28 
 
Table 2 – Weight and Atomic percentage breakdown of 
material deposits on both Anode and Cathode surfaces – 
Note symbols column corresponds to figure 11. 
 
The results for the Anode, Cathode and MEA were very 
similar. As Figure 11, 12 and Table 2 show the most 
dominating compound found on the Cathode surface (this 
was also the case for the Anode and MEA) is Aluminium 
Oxide or Alumina. Alumina deposits amount to more than 
45 weight percent and more than 30 atomic percent of all 
the compounds found on the sample surface. Silicon 
dioxide or Silica is the next must dominate compound 
found on the sample cathode surface with a weight 
percentage of just over 40 and an atomic percentage of 
almost 50. Silica is commonly used as an alloying 
compound for Al 1050 [4] additionally prior to using the 
current neoprene gasket Wynn’s RTV Silicon (Room 
Temperature Vulcanizing Silicone) gasket maker was 
employed for sealing tests, traces of this material may have 
remained on the surface which would help to explain the 
high Silicon content of the deposits. Other compounds 
found in large quantities on the Anode and MEA include 
Magnesium Fluoride. It is evident that during the 
electrochemical reaction process within the cell 
considerable corrosion has occurred. It is believed that the 
corrosion process has released Magnesium ions from the 
Aluminium and Fluoride ions from the DuPont membrane 
which have combined to make the compound Magnesium 
Fluoride.           
 
3.3 Corrosion protection 
Following SEM/EDS analysis it has been determined that 
due to the highly acidic environment within the cell the 
Aluminium flow field plates have corroded. During the 
corrosion process the Aluminium ions released attack and 
contaminate the MEA membrane diffusing into it, and 
therefore lowering the membrane ionic conductivity, the 
corrosion layers also increase electrical resistance 
significantly lowering the cells overall performance [8].         
An extensive literature review has shown that metallic 
plates and specifically Aluminium flow field plates are 
prone to corrosion and therefore require specific protective 
coatings for their suitability as fuel cells flow field plates 
[8][9][10[11]. Flowing additional consultations with 
coating specialist at the University of Birmingham a coating 
system which includes 10µm Nickel base coat followed by 
2µm Gold top coat was selected. The components were 
subsequently cleaned with emery cloth and electroplating 
by an external supplier. 
 
3.3.1 Results post corrosion protection 
Once the flow field plates had received the Gold protective 
coating system the cell was reassembled and tested with a 
new MEA.  
  
 
 
Figure 13 – First polarisation curve produced post 
application of Gold protective coating system on flow field 
plates. 
 
Figure 14 – Second polarisation curve produced 
aproximately 24hrs after the first. 
 
As can be seen in figure 13 the initial performance of the 
structural fuel cell with the newly coated flow field plates 
was impressive with a maximum power output of 8.5W at 
16 Amp. The cell was also consistently holding its voltage 
around 0.56V. A further polarisation curve was produced 
approximately 24hrs later (Fig 14). Although the structural 
fuel cell produced a higher open circuit voltage (0.9 Volts) 
during its second test its overall performance was 
significantly poorer with a maximum power of 4.8W 
produced at 9.6 Amp. It was also observed during the 
polarisation that the voltage would continue to drop 
significantly. Three additional polarisation tests were 
performed over a period of 48hrs which showed a 
substantial and continuous drop in cell performance. 
 
 
 
3.3.2 Investigation 
Following the gradual degradation in performance of the 
structural fuel cell it was dissembled and examined. The 
Anode and Cathode follow field plates were examined 
using Optical microscopy (OM), Scanning Electron 
Microscope (SEM), and Energy Dispersive X-ray 
Spectroscopy (EDS).    
        
 
 
 
 
 
 
 
 
 
 
 
Figure 15 – SEM image of selected location on Cathode 
surface. 
 
Figure 16 – E.D.S spectrum analysis of cathode surface 
Cathode 
Symbol Compound Weight % Atomic % 
C CaCO3 37.26 67.28 
O SiO2 15.11 20.48 
Al Al2O3 6.42 5.15 
Ni Ni 9.25 3.42 
Pt Pt 0.91 0.10 
Au Au 30.85 3.40 
 
Table 3 – Weight and Atomic percentage breakdown of 
Cathode surface – Note symbols column corresponds to 
figure 16. 
  
Once again the surface analysis for the Anode, Cathode, 
and MEA produced similar results. Figures 15, 16, and 
table 3 show the high deposits of Gold on the Cathode 
surface (30 weight percent) which can be expected. 
Additionally quantities of Aluminium 6.4wt%, Carbon 
37.3wt%, Nickel 9.3wt%, and Platinum 0.9 wt% were also 
found on the cathode surface. The SEM and EDS evidence 
suggests that despite applying a protective coating the flow 
field plates are still corroding. The corrosion is also 
stripping platinum from the MEA surface further degrading 
the cells performance.        
 
 
Figure 17 - Optical microscopy image of cathode coated 
surface 1000x magnification 
 
Optical analysis of the Cathode surface (Fig 17) clearly 
shows blistering of the Gold coating as well as corrosion 
pitting. The corrosion pitting pattern on the Gold plated 
surfaces resembled that of the uncoated surfaces.    
 
4. Conclusion 
Investigative evidence suggests that the cleaning process of 
the components prior to electroplating did not remove all of 
the corrosion from the surfaces. The corrosion was 
reactivated once the plates were used causing the gold 
coating to blister. Additionally pitting locations may not 
have been coated thus allowing post coating corrosion to 
occur. 
         
5. Future work 
New flow field plates are to be manufactured from 
aluminium and gold coated prior to operation preventing 
the possibility of corrosion affecting the coating.    
Finite element analysis will be used to determine the most 
appropriate mechanical load range to be used for 
experimentation.   
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